











"I am among those who think that science has great beauty. A scientist in his laboratory is 
not only a technician: he is also a child placed before natural phenomena which impress 
him like a fairy tale." 
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Durch zyklische Nukleotide gesteuerte Kanäle (CNG-Kanäle) (Kaupp et al., 1989) sind 
unspezifische Kationenkanäle, die u.a. die Lichttransduktion in Photorezeptoren und die 
chemische Transduktion in olfaktorischen Zellen vermitteln (Finn et al., 1995; 
Zimmerman, 1995; Kaupp und Seifert, 2002). Die Kanäle öffnen nach Bindung zyklischer 
Nukleotide (CN) an eine spezielle CN-Bindungsdomäne am C-Terminus (Kaupp und 
Seifert, 2002). CNG-Kanäle sind Heterotetramere, zusammengesetzt aus vier 
Untereinheiten, die sich um eine zentrale Pore anordnen. Jede Untereinheit besteht aus 
sechs Transmembrandomänen. N- und C-Terminus befinden sich intrazellulär und sind für 
zytosolische Modulatoren zugänglich (Matulef und Zagotta, 2003). Der native 
olfaktorische CNG-Kanal setzt sich aus drei Typen von Untereinheiten zusammen: 
CNGA2, CNGA4, CNGB1b (Bönigk et al., 1999, Bradley et al., 1994), die im Verhältnis 2 
: 1 : 1 vorliegen (Zheng und Zagotta, 2004). Während die CNGA2-Untereinheit bei 
heterologer Expression allein in der Lage ist, funktionelle homotetramere Kanäle zu 
bilden, assemblieren CNGA4- und CNGB1b-Untereinheiten nur zusammen mit CNGA2-
Untereinheiten. Die CNGA4- und CNGB1b-Untereinheiten sind für eine Reihe 
physiologischer Eigenschaften heterolog exprimierter Kanäle verantwortlich, die in 
ähnlicher Weise auch bei nativen olfaktorischen Kanälen beobachtet wurden (Bönigk et 
al., 1999; Bradley et al., 2001; Sautter et al., 1998).  
Auf molekularer Ebene ist bisher nicht verstanden, in welcher Weise die Bindung der 
Liganden an die vier Untereinheiten zur Öffnung des Kanals führt und, im Falle der 
heteromeren Kanäle, welche Rolle den verschiedenen Untereinheiten im 
Aktivierungsmechanimus zukommt. Weiterhin ist unbekannt, ob die Aktivierung von 
unabhängigen Schaltvorgängen innerhalb der individuellen Untereinheiten verursacht wird 
oder von aufeinander abgestimmten kooperativen Interaktionen zwischen den 
Untereinheiten.  
Um einen besseren Einblick in das Schalten olfaktorischer CNG-Kanäle zu erhalten, wurde 
die Aktivierung von CNGA1 bzw. CNGA2-Kanälen bei depolarisierenden 
Spannungssprüngen in Gegenwart verschiedener Ligandenkonzentrationen und bei 
sprunghaften Änderungen der Ligandenkonzentration bei konstanter Spannung untersucht.  
Der Konzentrationssprung wurde durch die Photolyse „gecageter“ zyklischer 
Nukleosidmonophosphate (cNMPs) ermöglicht. Dabei wurden substituierte Coumarinyl-
methylester von cGMP und cAMP verwendet (Hagen et al., 2001). Die Untersuchungen an 
CNGA2-Kanälen zeigten, dass bei vergleichbarem Aktivierunsgrad der 
Aktivierungszeitverlauf homotetramerer Kanäle nach Applikation des Liganden cGMP 
bzw. cAMP keine Unterschiede aufweist. Auch zwischen homomeren und heteromeren 
Kanälen konnten nach Aktivierung mit dem gleichen zyklischen Nukleotid keine 
Unterschiede festgestellt werden. Anhand von Chimären aus CNGA1-Untereinheiten der 
Photorezeptoren und CNGA2-Untereinheiten der olfaktorischen Neurone des Rindes 
konnte gezeigt werden, dass sowohl Transmembranregionen als auch intrazelluläre 
Bestandteile des Kanals an der Kontrolle des Aktivierungszeitverlaufes beteiligt sind. 
Das Schaltverhalten von CNG-Kanälen wurde bisher mit Hilfe verschiedener kinetischer 
Modelle beschrieben. Lineare Zustandsmodelle setzen vorraus, dass der Kanal zum öffnen 
voll ligandiert sein muss (Karpen et al., 1988; Gordon und Zagotta, 1995; Varnum et al., 
1995). Allosterische Modelle dagegen erlauben Öffnungen auch im teilligandierten Kanal 
(Goulding et al., 1994; Varnum und Zagotta, 1996). Bei Analyse des 
Aktivierungszeitverlaufes homotetramerer Kanäle nach Ligandenkonzentrationssprüngen 
erwiesen sich Modelle mit äquivalenten Bindungsstellen für eine Beschreibung des 
Kanalverhaltens als nicht  geeignet (Monod-Wyman-Changeaux-Modell, Coupled-Dimer-
Modell). Das hier vorgestellte Modell schlägt eine hoch kooperative Bindung von drei 
Liganden vor: Sowohl bei cGMP als auch bei cAMP ist die Bindungssgeschwindigkeit des 
ersten und dritten Bindunggschrittes zwei bis drei Größenordnungen höher als die des 
zweiten Bindungsschrittes. Die geringere halbmaximale cGMP-Konzentration (EC50) für 
cGMP im Vergleich zu cAMP wird vor allem durch eine schnellere Geschwindigkeit aller 
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Cyclic nucleotide-gated (CNG) channels (Kaupp et al., 1989) are non-specific cation 
channels, which mediate e.g. phototransduction in photoreceptors and chemotransduction 
in olfactory cells (Finn et al., 1995; Zimmerman, 1995; Kaupp and Seifert, 2002). The 
channels are opened when cyclic nucleotides bind to a domain in the C-terminus (Kaupp 
and Seifert, 2002). CNG channels are heterotetramers composed of four subunits 
distributed around a centrally located pore. Each subunit contains six transmembrane 
segments with intracellular amino- and carboxy-terminal domains that are accessible to 
cytosolic modulators (Matulef and Zagotta, 2003). Native olfactory CNG channels are 
composed of three types of subunits: CNGA2, CNGA4, CNGB1b (Bönigk et al., 1999; 
Bradley et al., 1994) in the ratio 2:1:1 (Zheng and Zagotta, 2004). Whereas the CNGA2 
subunit can form functional homotetrameric channels when expressed in a heterologous 
system, the CNGA4 and CNGB1b subunits produce functional channels only together with 
CNGA2 as part of heterotetrameric channels. However, when expressed with CNGA2, 
CNGA4 and CNGB1b subunits confer a number of important physiological properties on 
the heterotetrameric channel which closely mirror the properties of native olfactory 
channels (Bönigk et al., 1999; Bradley et al., 2001; Sautter et al., 1998).  
Presently it is not known how the binding of the ligands to the four subunits is translated to 
channel opening and, in the case of heterotetrameric channels, what is the role of the 
different subunits in the activation mechanism. Furthermore, it is still unclear whether 
activation depends on independent gating reactions within the individual subunits of the 
channel or on a concerted, cooperative interaction among the subunits. 
To gain better insight into the conformational changes associated with the gating of ion 
channels, activation of CNGA1 and CNGA2 channels in response to a depolarizing voltage 
jump at different ligand concentrations and also in response to a ligand concentration jump 
at a constant voltage was studied.  
The concentration jump was obtained by flash photolysis of caged cNMPs (cyclic 
nucleoside monophosphate). Using this method, we took advantage of the superior 
characteristics of the substituted coumarinylmethyl esters of cGMP and cAMP (Hagen et 
al., 2001).  
For CNGA2 channels we showed that at equal degree of activation, the activation time 
course of homotetrameric channels was similar with cGMP and cAMP and it was also 
similar in homo- and heterotetrameric channels with the same cyclic nucleotide. Using 
chimeric channels constructed between the CNGA1 subunit of the CNG channel from 
bovine retinal photoreceptors and the CNGA2 subunit of the CNG channel from olfactory 
sensory neurons, it was shown that both transmembrane and intracellular channel regions 
control the activation time course of the CNG channels. 
Kinetic models used to describe the gating of CNG channels assume either that the channel 
has to be fully liganded to open (linear state models) (Karpen et al., 1988; Gordon and 
Zagotta, 1995; Varnum et al., 1995) or that opening may already occur in the partially 
liganded channel (allosteric models) (Goulding et al., 1994; Varnum and Zagotta, 1996).  
Analysis of the activation time courses of homotetrameric channels in response to a ligand 
concentration jump with previously used kinetic schemes rules out the favored models with 
equivalent binding sites: the Monod-Wyman-Changeux model and the Coupled-Dimer 
model. Herein, a kinetic model is suggested, which assumes a highly cooperative binding 
of three ligands: With both cGMP and cAMP, the binding rate of the first and third binding 
event is two to three orders of magnitude faster than that of the second binding event. 
Moreover, the lower half maximum cGMP concentration (EC50) for cGMP than cAMP is 
mainly caused by a faster rate of all three binding events. In addition, the three binding 
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1.1 . Cyclic nucleotide-gated channels  
 
Many cellular processes rely upon the passive diffusion of ions through biological 
membranes. Cell membranes are constituted of a lipid bilayer that represents an enormous 
energy barrier for the movement of small ions across it. During evolution, a class of 
proteins, known as ion channels, has evolved in order to facilitate ion movements between 
the intracellular and extracellular aqueous compartments. These proteins are integrally 
embedded in the membrane, spanning the lipid bilayer to provide an expeditious and 
selective pathway for ions to cross down their electrochemical gradient. Despite their high 
selectivity, ion channels conduct ions at extremely high rates (106-109 ions per channel and 
second). Ion channels are not simply open holes of different diameter, since channels that 
allow the passage of one type of ion do not allow the passage of other types of ions, larger 
or smaller. Ion channels can be classified with respect to the best permeating ion.  
Ion channels are widely distributed throughout the biological world appearing in 
membranes of excitable and non-excitable animal cells, prokaryotes, protozoa, and plant 
cells. Although ion channels share a common function allowing the passage of ions 
through the plasma membrane, they also specifically respond to stimuli that induce the 
opening (activation) of the permeation pathway in a process called “gating”. Gating can be 
regulated by various stimuli including the membrane voltage, the concentration of 
extracellular or intracellular ligands, or membrane stretch.  
Cyclic nucleotide-gated (CNG) channels open by the direct binding of cyclic nucleotides, 
3’,5’-cyclic guanosine monophosphate (cGMP) and 3’,5’-cyclic adenosine mono-
phosphate (cAMP). Although their activity shows very little voltage dependence, CNG 
channels belong to the superfamily of voltage-gated ion channels along with so-called 
hyperpolarization-activated and cyclic nucleotide gated (HCN) pacemaker channels, the 
ether-a-gogo (EAG) and human eag-related gene (HERG) family of voltage-activated K+ 
channels, and several plant K+ channels (KAT, AKT, KST channels) (Kaupp and Seifert, 
2002). 
CNG channels are nonselective cation channels that do not discriminate well between 
alkali ions. They are also permeable for divalent cations, in particular Ca2+ (Menini et al., 
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1988; Cervetto et al., 1988; Hodgkin et al., 1985). The Ca2+permeability of CNG channels 
is a very important part of their cellular function.  
CNG channels, unlike other ligand-gated channels, do not desensitize in the continued 
presence of the ligand. The activity of CNG channels is modulated by Ca2+/calmodulin and 
by phosphorylation/dephosphorylation (Gordon et al., 1992). 
CNG channels were first discovered in the plasma membrane of the outer segment of 
vertebrate rod photoreceptors (Fesenko et al., 1985). In short time similar channels were 
identified in cone photoreceptors (Haynes and Yau, 1985) and chemosensitive cilia of 
olfactory sensory neurons (OSNs) (Nakamura and Gold, 1987). 
Molecular cloning of CNG channels became possible when the channel protein was 
purified and identified by functional reconstitution into artificial liposomes and lipid 
bilayers (Cook et al., 1986; Hanke et al., 1988). The first molecular identification of a 
CNG channel was a milestone in scientific progress. Within a few years, CNG channels 
have been identified in other tissues types, such as: aorta, heart (Biel et al., 1993, 1994), 
pineal gland (Dryer and Henderson, 1991; Distler et al., 1994), kidney (Biel et al., 1994), 
sperm (Biel et al., 1994; Weyand et al., 1994), and brain (Leinders-Zufall et al., 1995; 
Bradley et al., 1997). 
In 1991, the first CNG channels in invertebrates were identified in ventral photoreceptors 
of Limulus (Bacigalupo et al.) and in insect antennae (Zufall and Hatt). In addition, in 
1991, cAMP-specific channels are electrophysiologically observed in larval muscle of 
Drosophila (Delgado et al.). In 1994, Baumann et al., characterized a CNG channel present 
in eyes and antennae of Drosphila and in 1996, Komatsu et al. identified a CNG channel in 
Caenorhabditis elegans. In 1999, the first CNG channel from plants (Arabidopsis) was 
described by Leng et al..   
 
 
1.2. Physiological importance of cyclic nucleotide-gated channels 
 
CNG channels are highly specialized membrane proteins that open an ion-permeable pore 
across the membrane in response to the direct binding of intracellular cyclic nucleotides. 
By controlling the flow of specific ions across the lipid bilayer, CNG channels play 
important roles in the sensory transduction. In both, phototransduction and olfactory 
transduction, CNG channels transform the external sensory stimuli into electrical signals. 
CNG channels mediate the generation of an electrical response to light in rods and cones of 
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vertebrate retina. The rod photoreceptors contain the visual pigment - rhodopsin and are 
used for vision under dark-dim conditions at night. The cone photoreceptors contain opsins 
as their visual pigments and, are the basis of color perception in our visual image.  
In the dark, the binding of cGMP to the CNG channels causes the channels to open, 
allowing Na+ and Ca2+ to flow into the cell. This flow of inward current, the dark current, 
depolarizes the rod outer segment. When light hits the retina, it activates a 
phototransduction cascade (Figure 1a). The detection of light is carried out on the 
membrane disks in the outer segment of rod. These disks contain thousands of molecules 
of rhodopsin. Visual transduction begins with the absorption of a photon of light by 11-cis 
retinal. This absorption activates rhodopsin to bind and activate the G protein transducin, 
stimulating GTP-GDP exchange. Upon binding of GTP, transducin binds to and activates a 
phosphodiesterase that hydrolyzes cGMP to 5`-GMP. The CNG channels in the plasma 
membrane close in direct response to this decrease in cGMP, inhibiting the dark current, 
and hence hyperpolarizing the rod photoreceptors. This hyperpolarization causes a 
decrease in the tonic release of the neurotransmitter glutamate from the presynaptic 
terminals. 
The sensitivity of the rod CNG channel has been optimized to detect and signal the drop in 
cGMP concentration resulting from the absorption of a single photon of light (Baylor et al., 
1979). The channel’s relatively low affinity for cGMP leads to a fast off rate for the ligand 
and allows the channel to close quickly in response to light (Cobbs and Pugh, 1987). In 
addition, the closure of CNG channels reduces the cytoplasmic Ca2+ concentration (Yau 
and Nakatani, 1985). This decrease in Ca2+ provides negative feedback in the 
phototransduction cascade by stimulating cGMP synthesis, increasing the channel affinity 
for cGMP, reducing the catalytic rhodopsin activity produced by light and accelerating 
rhodopsin deactivation by phosphorylation.              
CNG channels play a similarly important role in the olfactory transduction, where they 
cause the cells to depolarize in response to increased concentration of cAMP (Figure 1b). 
Vertebrate olfactory receptors are cells that have sensory cilia projecting from the olfactory 
epithelium into the mucus of the nasal cavity, and extend axons to the olfactory bulb. The 
odorant molecules first activate a subset of receptor protein that couple via a G protein to 
the adenylyl cyclase. This causes an increase in intracellular cAMP in the olfactory cells, 
which activates cyclic nucleotide-gated channels from the olfactory cilia. In the presence 
of normal physiological extracellular Ca2+, the second messengers (cAMP) elicit the 
opening of the channel, allowing Ca2+ to flow in. The increase in the intracellular Ca2+ 
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concentration appears to activate a Cl- current that helps to depolarize the olfactory cell. 
Thus, the cyclic nucleotide-gated channels plus the Ca2+-dependent Cl- current results in 
the signal transduction (Lowe and Gold, 1993).  
In addition to their role in primary sensory transduction, CNG channels are thought to be 
important in a variety of other physiological processes. In the retina, for example, CNG 
channels have been implicated in nitric oxide signaling (Ahmad et al., 1994). The tax-2 
and tax-4 genes in the nematode Caenorhabditis elegans, which encode proteins that are 
closely related to the α and β subunits of CNG channels, where shown to be essential for 
formation of the appropriate synaptic connections between chemosensory neurons and the 
nerve ring (Coburn and Bargmann, 1996; Komatsu et al., 1996). In addition, Ca2+ imaging 
studies found that a rise in intracellular Ca2+ in hippocampal neurons could result from 
elevated intracellular cyclic nucleotide concentrations, suggesting that CNG channels play 
a role in the synaptic plasticity underlying learning and memory (Bradley et al., 1997). 
Although the function of CNG channels has been firmly established in retinal 
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Figure 1. Signal transduction in sensory cells. (a) Top, the enzymatic cascade in rod photoreceptor 
cells operates through cGMP. Negative feedback is through Ca2+ ions via a Ca2+/CaM-
dependent component (dotted arrow). R and R*, resting and active receptor; GT, 
transducin; GC, guanylate cyclase. (b) Bottom, the enzymatic cascade in olfactory 
sensory neurons that underlies olfactory transduction operates through cAMP. Ca2+ ions 
mediate negative feedback (dotted arrow) through calmodulin (CaM). R, olfactory 
receptor; G, G-protein; AC, adenylyl cyclase; PDE, phosphodiesterase. 
 
 
1.3. Structure of cyclic nucleotide-gated channels  
 
In vertebrates, six members of the CNG channel gene family have been identified. These 
genes are grouped according to sequence similarity into two subtypes, CNGA and CNGB 
(Bradley et al., 2001). Important functional features of these channels, such as ligand 
sensitivity and selectivity, ion permeation, and gating, are determined by the subunit 
composition of the respective channel complex.  
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The first cDNA clone for a subunit of a CNG channel (CNGA1) was isolated from bovine 
retina (Kaupp et al., 1989). CNGA1 was expressed in rod photoreceptors and produced 
functional channels that were gated by cGMP when expressed exogenously in Xenopus 
oocytes. Later, a second subunit of the rod CNG channel (CNGB1) was isolated and 
cloned (Chen et al., 1993). The CNGB1 subunit expressed alone does not produce 
functional CNG channels, but coexpression of CNGA1 and CNGB1 subunit yields 
heterotetrameric channels with characteristics similar to those of native channels (Chen et 
al. 1993; Körschen et al., 1995). In the last years, studies using a combination of different 
approaches show that native CNG channels from rod photoreceptors are composed of three 
CNGA1 subunits and one CNGB1 subunit (Weitz et al., 2002; Zheng et al., 2002).  
Native olfactory channels are composed of three different subunits: CNGA2 (Dhallan et 
al., 1990), CNGA4 (Bradley et al., 1994; Liman and Buck, 1994) and CNGB1b (Bönigk et 
al., 1999; Picco et al., 2001; Sautter et al., 1998). The subunit stoichiometry (CNGA2: 
CNGA4: CNGB1b) is thought to be 2×CNGA2: 1×CNGA4: 1×CNGB1b (Zheng and 
Zagotta, 2004). CNGA4 and CNGB1b subunits do not form functional channels when 
expressed alone. The CNGA2 subunit forms functional homotetrameric CNG channels but 
lack some properties of the native channels (Bönigk et al., 1999). 
CNG channel subunits share the same basic architectural plan, four subunits arranged 
around a centrally located pore (Gordon and Zagotta, 1995; Liu et al., 1996). Each subunit 
contains six transmembrane segments (S1-S6), a pore region situated between S5 and S6, 
and a cyclic nucleotide binding domain (cNBD) in the C-terminus that is connected via the 
C-linker region to the S6 segment (Figure 2) (Henn et al., 1995; Kaupp et al., 1989, Liu et 
al., 1996; Molday et al., 1991; Wohlfart et al., 1992).  
These structural motifs are also seen in several voltage-dependent potassium channels 
including HCN channels (Ludwig et al., 1998).   
The S4 segment in CNG channels resembles the voltage-sensor motif found in the S4 
segment of voltage-gated K+, Na+, and Ca2+ channels. The significance of the S4 segment 








                                                           
















Figure 2.   Structural cartoon of a CNG channel subunit. The N-terminal region, the C-linker, the 
cyclic nucleotide-binding domain and the C-terminal region are situated on the 
intracellular side of the membrane. The cylinders (S1-S6) indicate the transmembrane 
segments. The channel pore is situated between S5 and S6. 
 
The CNG channel pore is thought to be structurally similar to those of other P-loop 
containing ion channels. The basic architectural plan for the pore of this family of channels 
was revealed by the crystal structure of a KcsA, a bacterial potassium channel from 
Streptomyces lividans (Doyle et al., 1998). To open the pore, a conformational change is 
thought to occur in its narrow part. An open channel conformation was revealed in 2002 by 
the crystal structure of another ion channel, the MthK channel (Jiang et al., 2002). MthK is 
structurally similar to KcsA in the P-loop but has a different conformation of the inner 
helix. Pore-lining 'inner' helices contain a 'gating hinge' that bends by approximately 30 
degrees. In a straight conformation, four inner helices form a bundle, closing the pore near 
its intracellular surface. In a bent configuration, the inner helices stay open creating a wide 
(12Å) entryway. Aminoacid conservation among a wide range of P-loop containing 
channels suggests that the KcsA and MthK structures may serve as general models for the 
closed and open state conformations for this entire family of ion channels. 
Studies on the structure of the CNG channel pore yielded heterogeneous results. Flynn and 
Zagotta (2001) suggest that the cytoplasmatic opening of the CNG channel pore is narrow 
when channels are closed and widens when channels open. Substituting a cysteine at the 
cytoplasmatic end of the S6 in a cysteine-free variant of CNGA1 channels promoted a 
channel closure by the spontaneous formation of an intersubunit disulfide bound (Flynn 
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and Zagotta, 2001). Because the disulfide bounds are formed between cysteine residues 5Å 
apart (Careaga and Falke, 1992), this result is consistent with a narrow cytoplasmatic 
opening and the occurrence of a helix bundle similar to the one in KcsA.  
The study by Sun et al. (1996) suggested that the structure of the CNG channel pore is 
significantly different from that of the K+ channels. The authors suggest that the P loop 
forms a thin blade that extends almost parallel to the surface of the membrane toward the 
central axis and that this irislike structure serves as both gate and selectivity filter. Using 
the substituted cysteine accessibility method, other studies (Becchetti et al., 1999) observed 
only slight differences in the accessibility map between pores of K+ channels and CNG 
channels. There are several pieces of evidence for conformational changes in the pore of 
CNG channels associated with gating: (1) mutations in the selectivity filter have large 
effects on gating (Bucossi et al., 1996; Gavazzo et al., 2000); (2) CNG channels that are 
partially activated produce different single-channel currents compared to fully activated 
channels (Hackos and Korenbrot, 1999; Ruiz and Karpen, 1997; Kusch et al., 2004); (3) 
Cysteine-scanning mutagenesis studies suggest that the pore helix, near the selectivity 
filter, undergoes a conformational change during channel activation (Becchetti et al., 1999, 
Liu and Siegelbaum, 2000). 
The cyclic nucleotide-binding domain (CNBD) of CNG channels shares sequence 
similarity with other cyclic nucleotide-binding proteins including cGMP- and cAMP-
dependent protein kinases (PKG and PKA) and the Escherichia coli catabolite gene 
activator protein (CAP). The crystal structure of CAP, containing three α-helices and eight 
β-strands (McKay and Steitz, 1981), has been used as a model for the ligand-binding 
domains of CNG channels. Altenhofen et al. (1991) showed that in the CNBD of CNGA1 
channels a threonine residue at position 560 plays an important role in determining the 
ligand specificity.  
The C-linker appears to be important for the allosteric opening transition. Residues in the 
C-linker have been shown to be responsible for modulation of CNG channels by transition 
metals including: Ni2+, Zn2+ (Gordon and Zagotta, 1995; Karpen et al., 1993). In addition, 
differences between gating of CNGA3 and CNGA2 channels have been attributed to three 
amino acids in the C-linker (Zong et al., 1998). On the other hand, the N-terminal region 
has also been found to affect the gating of CNG channels (Gordon and Zagotta, 1995; 
Gordon et al., 1997; Möttig et al., 2001). It has also been shown that N-terminal region of 
CNGA2 channels interacts via a CaM-binding site with the cNMP-binding domain in the 
C-terminal region (Varnum and Zagotta, 1997). This interaction lowers the change in free 
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energy between the unliganded open and closed states. Binding of CaM interferes with this 
interaction and thereby increases the EC50 of activation. This allosteric control seems to be 
less important for the CNGA1 channels (Bradley et al., 2001, 2004).  
Further work is needed for describing how the movements of the cNMP-binding domain, 
the C-linker and of the pore helix interact.   
 
 
1.4. Kinetic models   
 
Two of the central questions concerning ion channel function are: what is the nature of the 
conformational changes that occur during channel activation and how do the individual 
subunits of a multi-subunit channel interact? These questions are not unique for ion 
channels. They are also relevant for other enzymes composed of multiple identical 
subunits. 
The minimum gating model of CNG channels comprises the binding of n ligands, which 
promotes a conformational change, resulting in channel opening (Li et al., 1997). These 
processes can be described by kinetic models. 
Sequential type models assume the binding of n molecules of a cyclic nucleotide to the 
closed channel (C), followed by a gating conformational change of the fully liganded 
channel to the open configuration (O). Because of the tetrameric structure of CNG 
channels, it seems to be reasonable to assume a four-site sequential model (Scheme 1). The 
binding of a ligand to each subunit is described by the binding rate constant k1 and the 
reverse reaction by k2. The gating transition to the open configuration is characterized by 




                                                                                                                                (Scheme 1) 
        
 
This model predicts that a limiting slope of four will characterize the dose-response 
relationship. However, Ruiz et al. (1999) show that the dose-response relationship from 
single-channel recordings is considerably steeper than the one obtained from macroscopic 
currents suggesting that heterogeneous properties of individual single channel contribute to 
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the less steep dose-response relationship in macroscopic currents. Using jumps in cGMP 
concentration and voltage, Karpen et al. (1988) used a three-site sequential model to 
describe the kinetics of channel activation. In addition, a two-site sequential model was 
used by Gordon and Zagotta (1995) and Varnum et al. (1995) to describe some of the 
differences in CNG channel subfamilies related to ligand sensitivity and selectivity. 
In the linear state models, the unliganded and partially liganded channels do not open. 
However, CNG channels were shown to open already in the absence of any activating 
ligand (Picones and Korenbrot, 1995; Tibbs et al., 1997). These results favor cyclic 
allosteric models, as originally proposed for allosteric enzymes (Monod et al., 1965). The 
Monod-Wyman-Changaux (MWC) model was first proposed by Stryer (1987) to describe 
the activation of CNG channels of retinal photoreceptors. The allosteric models assume 
that the binding sites of the four subunits are equivalent and that the ligand affinity is 
higher in the open than in the closed states by an allosteric factor f (Li et al., 1997). The 
stability of the open configuration is enhanced by a factor f each time an additional ligand 
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k1 and k2 are the equilibrium constants for binding of the ligands to the open (O) and closed 
states (C). k3 and k4 represent the equilibrium constants between the closed and the open 
state. 
However, when locking either one, two, three, or four cGMP molecules onto their binding 
sites to a CNGA1 channel by a photoaffinity technique (Ruiz and Karpen, 1997), the open 
probabilities for the partially liganded channels were not in the ratios predicted by the 
MWC model. Moreover, when coexpressing CNGA1 subunits and mutated CNGA1 
subunits with disabled binding sites, the ratios of the open probabilities for the partially 
liganded channels were neither consistent with those determined with covalently locked 
cyclic nucleotides nor with the predictions of the MWC model (Liu et al., 1998). The 
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authors of this study proposed therefore a variation of the MWC model in which the 
channel is composed of a pair of dimers (Coupled-Dimer model).  
In contrast to the assumption of binding to equivalent sites, the gating of single wild-type 
CNGA2 channels has been shown to support cooperative binding: One or two ligands bind 
to the closed channel and a further ligand can bind to the open channel (Li and Lester, 
1999). Most noticeable is that, despite the assembly of four subunits in homotetrameric 
channels, only two or three ligands were needed to describe the single-channel activity.  
These conflicting results reveal that fundamental issues upon the gating of CNG channels 
are still waiting to be discovered. 
 
 
1.5. Flash photolysis of caged compounds  
 
Better insight into the conformational changes associated with the activation of ion 
channels can be gained when studying current under non-steady state conditions, by 
changing a gating stimulus in a step like fashion and analyzing the relaxation kinetics of 
the current. The adequate gating stimulus for the activation of CNG channels is a step-like 
increase of the ligand concentration. This rapid increase of the cyclic nucleotide (CN) 
concentration is achieved in an elegant manner by using caged compounds. These 
compounds are molecules whose biological activity has been disabled by chemical 
modification. Photolysis cleaves the modifying group, thereby rapidly releasing the active 
cyclic nucleotide. The response induced by the instantaneous photolytic flash is more 
reliable in reflecting the kinetics of activation than from the single-channel analysis.  
To be useful the caged cyclic nucleotides must meet specific requirements: they should be 
biologically inert, dissolve well in aqueous solutions, resistant toward solvolysis, display 
high photoefficiencies, and allow for a faster photochemical reaction releasing the cyclic 
nucleotide compared to the time course of channel activation (Kaplan and Somlyo, 1989). 
In addition, photolysis must not generate toxic side products. Suitable derivatives, which 
meet these criteria, are the substituted coumarinylmethyl esters of cNMPs (Hagen et al., 
2001). 
Caged cyclic nucleotides have been first synthesized and physiologically tested by Korth 
and Engels (1979) and successfully employed in photolysis experiments to study a cAMP-
dependent slow Ca2+ current in the heart (Nargeot et al., 1983; Nerbonne et al., 1984).   
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In 1988, Karpen and coworkers were the first who studied the activation kinetics of the 
cGMP-gated channel from rod photoreceptor cells with the caged CN 4,5-dimethoxy-2-
nitrosobenzaldehyde ester of cGMP. However, non-ideal physicochemical properties of 
this compound and great variability of the data prevented a more thorough quantitative 
analysis of the activation kinetics.  
Over the last years, caged cNMP were used to study the signaling pathways in olfactory 
sensory neurons (OSNs) (Lowe and Gold, 1993), the Ca2+ permeability of CNG channels 
in intact rods and cones and OSNs (Dzeja, et al., 1999; Ohyama, et al., 2000), the 
desensitization of the olfactory CNG channel by Ca2+/Calmodulin (Bradley, et al., 2001) 


























2. Materials and Methods 
 
 
2.1. Molecular biology  
 
The experiments were performed on bovine CNGA1 (Kaupp et al., 1989) (accession 
number: X51604), CNGA2 channels (Dhallan et al., 1990; Ludwig et al., 1990) (accession 
numbers: 51604 and 55010) and on mixture of cRNAs from rat CNGA2 (Dhallan et al., 
1990), CNGA4 (Bradley et al., 1994) and CNGB1b (Bönigk et al., 1999) of 2:1:1 
(accession numbers: AF 126808, U 12623, and AF 068572). The rat CNG channel subunits 
used in this study were kindly provided by Prof. U. B. Kaupp (Forschungzentrum Jülich, 
Germany). 
Also, a CNGA2 chimera with CNGA1 N-terminus (r1o; M1-D157 from CNGA1, P135-P663 
from CNGA2), and a CNGA1 chimera with CNGA2 N-terminus (o1r; M1-P134 from 
CNGA2, P158-D690 from CNGA1; c.f. Möttig et al., 2001) were used.  
The cRNA used in this study was prepared by Dr. Thomas Zimmer. After preparation, the 
cRNA specific for the respective channels was stored until use at -80°C.  
  
 
2.2. Preparation of Xenopus laevis oocytes  
 
In this study were used oocytes from the South African clawed frog Xenopus laevis (Figure 
3). The preparation of the oocytes took place according to the method previously described 
by Goldin (1992). Xenopus laevis was anesthetized with 0.4% 3-aminobenzoic acid ethyl 
ester and the ovarian lobes were transferred in Barth medium with Ca2+. Stage V oocytes 
(Dumont, 1972) were then incubated for 20-40 minutes in Barth medium Ca2+ free (see 
Table 1) containing 1 or 2 mg/ml collagenase Type I (Sigma). After this period, the 
oocytes are washed with Barth medium containing Ca2+ and then defolliculated manually 
under the microscope.  
Within 2-7 hours after isolation, the cRNA was injected into oocytes through glass 
micropipettes (2.0 mm - outer diameter and 1.6 mm - inner diameter; Hilgenberg, 
Malsfeld). Until further use, the oocytes were stored up to 10 days in Barth medium with 
Ca2+ at 18°C. A change of the medium was performed every 48 hours. Before patching, the 
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oocytes are transferred to a hypertonic solution (Skinning solution, see Table 1) to 
manually remove the vitelline membrane, which was performed under the microscope. 
Freshly skinned oocytes were then transferred to the experimental chamber.   
   
                                                                  
 
Figure 3. Oocytes from the South African clawed frog Xenopus laevis. 
 
 
2.3. Chemicals  
 
For activation of the CNG channels, we used cGMP and cAMP from Sigma. To obtain the 
desired concentrations of cyclic nucleotide, the appropriate dilutions were prepared using 
bath solution (Table 1). For the single-channel measurements, the dilutions were carried 
out with Aspartat solution. In this case, the pipette solution contains also 200 µM niflumic 
acid in order to block endogenous calcium-activated chloride currents. 
For the flash-photolysis experiments, we used the following caged compounds, which were 
kindly provided by Dr. V. Hagen from the Institute of Molecular Pharmacology, Berlin 
(Figure 4): 
- [7-(diethylamino)coumarin-4-yl]methyl ester of cGMP (DEACMcGMP),  
- [7-(diethylamino)coumarin-4-yl]methyl ester of cAMP (DEACMcAMP), 
- [6,7-bis(carboxymethoxy)coumarin-4-yl]methyl ester of cGMP (BCMCMcGMP), 
- [7-bis(carboxymethylamino)coumarin-4-yl]methyl ester of cGMP (BCMACMcGMP). 
These compounds dissolve well in aqueous solution, are resistant toward solvolysis, react 
quickly within a few nanoseconds, and have a high quantum yield (Hagen et al., 2001).                               
The caged cNMPs were first dissolved in dimethyl sulfoxide (Sigma) to a concentration of 
10 mM and stored at -80°C in the dark. The stocks were diluted in bath solution to 
different concentrations, prior to each experiment. The final dimethyl sulfoxide 
concentration had no effect on the patches. When using high cyclic nucleotide 
concentrations (> 100 µM), the caged cNMP was dissolved in solution A (Table 1) and the 
mixture was treated with 3´,5´-cyclic-nucleotide-specific bovine brain phosphodiesterase 
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(Sigma), in order to hydrolyze the eventual existent free cGMP. Hydrolysis was stopped 
after 10-15 minutes by adding an equal volume of solution B that contained 1 mM EGTA 
(Table 1).  
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Figure 4. Structure of the used caged cGMPs and scheme of the flash photolysis.    
 
In most of the experiments, DEACMcNMP compounds were used. Due to their superior 
property to release higher concentration of cyclic nucleotides, BCMCMcNMP and 
 15
BCMACMcNMP were also used for the activation of CNGA1 and CNGA2 channels. The 
wavelengths of the light necessary for photolysis were 320-480, 275-355, and 320-480 nm, 
respectively. 
 
Table 1. Solutions  
 
Solution Ingredients Concentration 
(mM) 
Bath solution  





























































































For incubation of Xenopus oocytes 
 


























































2.4. Recording Technique  
 
2.4.1. Preparing of patch pipettes  
 
The patch pipettes were pulled from quartz tubing. For macroscopic currents, tubing either 
with an outer diameter of 1.2 mm, and an inner diameter of 0.8 mm (Hilgenberg, Malsfeld) 
or with an outer diameter of 1 mm, and inner diameter of 0.7 mm (BioMedical 
Instruments, Jena) were used. For single-channel experiments, quartz tubing with an outer 
diameter of 1 mm and an inner diameter of 0.4 mm (Hilgenberg, Malsfeld) or 0.5 mm 
(BioMedical Instruments, Jena) were used.  
The pipettes were pulled using a laser puller (P-2000, Sutter Instrument Co., USA), 
visualized under microscope, and then used within 9 hours after fabrication. The solution 
used for filling the pipettes was filtered. 
 
 
2.4.2. Electrophysiological recordings  
 
Currents were recorded in inside-out patches (Figure 5b) with the patch-clamp technique 
(Hamill et al., 1981; Stühmer, 1992). The patch-clamp setup consisted of an inverted 
microscope (Axiovert 100, Carl-Zeiss-Jena GmbH, Germany) for cell visualization, placed 
on a vibration isolated table (Newport, USA), an Axopatch 200A amplifier (Axon 
Instruments, USA), a micromanipulator holding the amplifier headstage in conjunction 
with pipette holder and the pipette, a pump for bath perfusion, a videocamera plus monitor, 
a lamp, and a computer (Pentium III). The setup was positioned in a Faraday cage. 
The experimental chamber was mounted on the stage of the microscope. It was composed 
of two compartments (Figure 5a). In the main compartment (width 8 mm) the oocyte was 
positioned, the sealing was performed and all free cyclic nucleotide concentrations were 
administered in a constant solution flow of 0.12 ml/min. Then the pipette was moved into 
the photolysis compartment (width 0.5 mm, height 1.0 mm). The solution containing the 
caged cyclic nucleotide was led to the main compartment in an angle of 90o, thereby 
passing the photolysis compartment just before entering the main compartment. One wall 
of the photolysis compartment was formed by the end of the light guide (diameter 1.0 
mm). The opposite wall consists of a mirror to intensify the light in the compartment. At 
the topside, the photolysis compartment was confined by a glass plate for light 
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transmission necessary at the visualization of the pipette. The bottom of the experimental 
chamber consisted of two parallel glass plates. Between these plates, thermostated water 
flew to control the temperature in both the main and the photolysis compartment. The 
experiments were viewed through the double-walled chamber bottom and the thermostated 
water. All experiments, if not mentioned otherwise, were made at 20.3°C. The chamber 
temperature was maintained with the help of a thermostat; model Haake DC1-K20 (USA). 
The bath and the pipette were filled with the same solution. The maximum current was 
then activated with a solution containing 100 μM cGMP or 1000 μM cAMP (for CNGA2 
channels) and 700 µM cGMP (for CNGA1 channels). The pipette resistance was 0.6-2.5 
MΩ for macroscopic currents and 5-25 MΩ for single-channel currents.  
  
 
b  patch 
 
















   oocyte 
















Figure 5. (a) Scheme of the experimental chamber.   
                (b) Inside-out configuration of the patch. The cytoplasmic face of the membrane is 
exposed to the bath solution. 
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If not otherwise stated, the currents were measured at a voltage of +100 mV. For 
macroscopic currents the sampling rate was generally 2 kHz (filter 1 kHz) except for 
CNGA1 channels where it was 20 kHz (filter 5 kHz). Single-channel activity of CNGA2 
channels was recorded with a sampling rate of 20 kHz (filter 5 kHz). 
 
 
2.4.3. Flash photolysis of caged cyclic nucleotides  
 
Light flashes were generated by a flash-lamp system JML-C2 (Rapp OptoElectronic, 
Hamburg, Germany) and directed to the experimental chamber by a light guide (diameter 
1.0 mm) fabricated of quartz glass. The flash lamp was controlled by the recording 
program. Photolysis was performed in a cylindrical volume of 390 nl. The energy of a light 
pulse was 0.45-1.47 mJ. Figure 6 describes the time course of the light pulse. The trace 
was recorded with a photodiode. The photolysis is completed within 150 μs. This time 










Figure 6. Time course of a light flash delivered by the xenon flash lamp. 
 
The pipette tip was positioned in the middle of the photolysis chamber. The solution flow 
through the photolysis chamber was adjusted such that the concentration of the liberated 
cyclic nucleotide was constant for at least 1.5 seconds, as evaluated by the constant steady-
state level of the CNGA2-channel current (Figure 7).  
The next flash was applied after the current induced by the cyclic nucleotide had dropped 
to the current level in the absence of the cyclic nucleotide determined in the main chamber 
before the photolysis experiments. The time interval between the flashes ranged from 10 to 














Figure 7. Representative experiment with DEACMcGMP. The CNGA2 current was activated by 
flash photolysis of 4.5 µM DEACMcGMP. After around 4 s the current started to 
decrease due to the wash-out of the liberated cGMP. 
 
For some experiments, the intensity of the light flash was reduced in order to obtain a 
smaller concentration of free cyclic nucleotide from the caged compound. 
Using the equation  
                                  [cyclic nucleotide] = EC50 [(Imax/I∞)-1](-1/H)                                                   (1) 
 
the concentration of the free cyclic nucleotide produced by flash photolysis was 
determined (Figure 8). I∞/Imax represents the ratio of the steady-state current following a 
flash to the steady-state current at a saturating concentration of the free cyclic nucleotide. 
EC50 and H are the concentration of the cyclic nucleotide that causes half-maximal 
activation and the Hill coefficient determined from the dose-response relationship of the 










100 M GMP μ






Figure 8. Method of determining the free cyclic nucleotide concentration liberated from the caged 
compound after flash photolysis. The maximal CNGA2 activation was recorded using a 
cGMP concentration of 100 µM (Imax). The channels in the same patch were activated by 
a cGMP jump generated by flash photolysis from the caged compound (I∞). The fraction 
I∞/Imax was inserted in equation (1).  
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For all channels included in this study, the following control experiments were performed:  
 
1. To test whether the light flashes have any direct effects on the channels, CNGA2 
channels were activated by free cGMP (10 μM) and the patches were exposed to 10 











Figure 9. The CNGA2 current is activated by 10 µM cGMP. Onto the same patch, 10 light flashes     
were applied and the current was activated again by 10 µM cGMP. The conclusion is that   
the light flashes have no effect on the CNGA2 current amplitude. 
 
2. To test whether the caged compounds had any effects on channels, experiments were 
performed on CNGA2 channnels using a mixture of caged cyclic nucleotide and a 
concentration of 2-3 times the EC50 value of free cyclic nucleotide (Figure 10). At high 
concentrations, the caged compounds slightly reduced the amplitude of the 
macroscopic current. This effect was reversible. The same experiment was repeated 
for all the channels included in this study and for the higher concentrations of all caged 
compounds used. For determination of the open probability, the measured currents 
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5 µM + 
 50 µM DEACMcGMP  
-100 mV 
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Figure 10. Effect of caged cGMP on CNGA2 current. The channels were first maximal activated 
by 100 µM cGMP. Comparing the amplitude of the current by 5µM cGMP with the 
amplitude determined with the same concentration of cGMP plus 50 µM 
DEACMcGMP allowed estimating the effect of the caged cNMP on CNGA2 channels.  
 





CNGA1    CNGA2    CNGA2/A4/B1b        r1o            o1r 
 1.168  1.21 1.19 
1.136 1.071    
   1.148 1.145 
   1.124  
   1.1 1.104 
1.07 1.056  1.07 1.08 
    1.06 
                                50 µM  
                               30 µM  
                               25 µM  
                               20 µM  
DEACMcGMP          15 µM  
                               10 µM  
                              6.5 µM  
                              4.5 µM   1.0126    
BCMCMcGMP          1 mM  1.1     
1.137     BCMACMcGMP    400 µM  
                           200 µM  1.11     
 1.066    
 1.048    
 1.037 1.052   
 1.002 1.037   
                             90 µM  
DEACMcAMP         50 µM  
                             30 µM  
                            20 µM  
                               8 µM   1.008   
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3. In the presence of high concentrations of caged cNMP, light flashes reduce the CNGA2 
current amplitude by <7% per flash (Tabel 3). The decrease of the CNGA2 current is 
irreversible. The current amplitude at saturating concentrations of the cyclic nucleotide 
was therefore determined immediately after a light flash (Figure 11).  
 
30 µM DEACMcGMP 





Figure 11. To estimate the cumulative effect of high concentrations of caged compound plus light 
flashes, we compared the maximal amplitude of a CNGA2 current recorded before and 
after a light flash (indicated by the black arrow). The experiment was performed with a 
saturating concentration of 100 µM cGMP and 30 µM DEACMcGMP.   
 
Table 3.  Estimation of the irreversible blocking effect of different caged compound 
concentrations and light flashes upon the channels. 
 
 
  [Caged cNMP] 
% reduction of current per flash 
CNGA1     CNGA2          r1o              o1r 
  1.64 1.6 
3.0 2.5   
  0.75 0.6 
  0.58  
  0.42 0.3 
0.7 2.2 0.2 0.12 
                                50 µM  
                                30 µM  
                                25 µM  
                                20 µM  
DEACMcGMP           15 µM  
                               10 µM  
                               4.5 µM   1.2   
BCMCMcGMP          1 mM  7.0    
3.94    BCMACMcGMP    400 µM  
                            200 µM  1.64    
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4. To test whether the secondary product of photolysis (DEACM-OH) has any effects on 
the channels, the amplitude of the CNGA2 current at 50 µM cAMP was compared to 
that at a mixture of 50 µM cAMP with 30 µM DEACM-OH we. There was no 




2.5. Data acquisition  
 
Measurements were controlled and data were collected with the ISO3 soft- and hardware 
(16-bit resolution; MFK Niedernhausen, Germany) on a Pentium PC.  
To test for possible background channel activity, each excised patch was first exposed to a 
solution containing no cyclic nucleotide. Cyclic GMP- or AMP-activated currents were 
determined as the difference between currents measured in the presence and absence of 
cyclic nucleotide. 
   
 
2.6. Data analysis  
 
2.6.1. Macroscopic currents  
2.6.1.1. Dose-response relationships 
 
A common experiment that is done to study the activation of a CNG channels is to measure 
the dose-response relation for cAMP and cGMP. Steady-state currents were measured in 









400 ms 400 ms  (for CNGA2 channels)  
                                                                    100 ms            100 ms                          (for CNGA1 channels) 
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Each patch was first exposed to a saturating concentration of cGMP or cAMP. After 
testing the maximal current amplitude, the chamber was filled with different cyclic 
nucleotide concentrations and the current was recorded. The maximal currents and the leak 
currents (in the presence of a solution without any cyclic nucleotides) were measured two 
or three times during the same experiment.  
The data were analyzed using the Origin 6.1® software. The dose-response relationships 
were fitted with the Hill equation (2). The fraction of maximal current, I/Imax, is the current 
at a given concentration divided by the maximal current measured at a saturating cyclic 
nucleotide (CN) concentration.   
    
   I/Imax = 1/(1 + (EC50 /[CN])H)                                                     (2) 
 
H is the Hill coefficient and represents the minimum number of ligands required for a 
significant opening. EC50 represents the concentration that causes half-maximal activation 
of the current. 
 
 
2.6.1.2. Voltage-jump experiments 
 
Jumps in voltage perturb the CNG-channel gating (Karpen et al., 1988). The kinetics of 
activation were examined by switching the voltage from -100 to +100 mV. 
For the voltage-jump experiments, we used the same voltages as for the dose-response 
relationship (see above). The pulse durations were variable, depending on the 
concentration of the cyclic nucleotide (short pulses for the smallest and the highest cyclic 
nucleotide concentrations and long pulses for intermediate cyclic nucleotide 
concentrations).   
The relaxation in the current observed when the voltage was switched from -100 mV to 
+100 mV was fitted either with an exponential equation (3) or the sum of two exponentials 
equation (4) with the help of the ANA3 software.  
 
                                                  y(t) = A ⋅ e-x/τ + B                                                               (3) 
 
                                                y(t) = A ⋅ e-x/τfast + B ⋅ e-x/τslow + C                                         (4) 
 
A, B, and C are the amplitude of the activating and steady-state components, respectively. 
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2.6.1.3. Flash-photolysis induced currents 
 
Most of the flash-photolysis induced currents were measured at +100 mV. For a small 
group of experiments four different voltage pulses: +50 mV, +100 mV, -50 mV, -100 mV 
were applied. Control experiments ascertained that these currents were activated by 
liberation of free cyclic nucleotide from the caged compound.  
The activation time courses induced by jumps of a cyclic nucleotide were fitted with a sum 
of two exponentials equation (4) yielding the fats and the slow time constants τfast and τslow.  
The temperature coefficient Q10 for the activation time constants τfast and τslow was 
calculated using: 
 
Q10, τ fast = τfast (10.3°C)/ τfast (20.3°C)    (5) 
Q10, τ slow = τslow (10.3°C)/ τslow (20.3°C)     (6) 
 
Markov models were approximated to macroscopic currents following jumps of either 
cGMP or cAMP. Seven current traces covering a wide range of open probabilities were 
globally fitted. The respective systems of first-order differential equations were resolved 
by the Eigenvalue method, minimizing χ2. The computations were performed by Prof. E. 
Schulz (Schmalkalden, Germany). Statistical data are given as mean±SEM.       
 
 
2.6.2. Single-channel currents  
 
Single-channel measurements were performed at +100 mV in order to obtain large 
amplitudes of the unitary currents. The currents were ON-line filtered at a cut-off 
frequency of 5 kHz. The measurements were performed at 20.3°C. 
The patch was first exposed to a saturating concentration of 100 µM cGMP or 2 mM 
cAMP (for CNGA2 channels) and 700 µM cGMP (for CNGA1channels). At high ligand 
concentrations, patches containing only one channel were analyzed. For control, the patch 
was exposed also to solution containing no cyclic nucleotide. At zero and low ligand 
concentrations, multichannel patches were used. 
The amplitude of single-channel currents was determined by forming all-point amplitude 
histograms and fitting the distributions with sums of two Gaussian functions. The single-
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channel open time was evaluated by setting a threshold to the 50% level of the current 
amplitude. Open duration refers to the duration of individual excursions into the open state, 
terminated by closing, no matter how brief. Open-time histograms were formed and 
described by exponentials. For simplification of part of the analysis, the mean open time, 
τo, of two mean open times, τo1 and τo2 was calculated according to 
 
                                              τo=(A1τo12 +A2τo22 )/(A1τo1 +A2τo2)                                        (7) 
 
where A1 and A2 are the respective amplitudes of the exponentials. 
The open probabilities were determined from the amplitude histograms of single-channel 
recordings. In the absence of cyclic nucleotides, multichannel patches were used in which 
the channel number was such that amplitude histograms resolved single-channel events. 























3.1. Macroscopic currents  
 
3.1.1. Dose-response relationships 
  
Cyclic nucleotide-gated (CNG) channels respond to both, cAMP and cGMP, but lower 
concentration of cGMP than cAMP are required to open the channels. CNGA1 channels 
discriminate very well between cGMP and cAMP, whereas CNGA2 channels respond 
similarly well to both ligands, reflecting the importance of both messengers in olfaction.  
The shape of the dose-response relationship and the limiting slope is interpreted to indicate 
that several CN molecules bind to the channel in a cooperative manner (Kaupp et al., 
2002). 
Dose-response relationships for CNGA1, CNGA2, CNGA2/A4/B1b, r1o and o1r channels 
were measured. The analysis of the dose-response relationships showed that channel 
activation depends steeply on the ligand concentration. Figures 12, 13, and 14 show 
double-logarithmic plots (log I/Imax vs. log [CN]) of the dose-response relationships that 
were used for the estimation of the free cyclic nucleotide concentration generated by the 
photolysis of the caged compounds. The CNG channel gating was quantified by fitting 
dose-response data with the Hill equation (2). For CNGA2 channels, the cGMP 
concentration producing half-maximum current (EC50) was 1.76 µM whereas that for 
CNGA1 channels was 46.5 µM. The Hill coefficients were 2.35 and 1.98, respectively. 
These values agree with previously reported values (Bradley et al., 2001; Kaupp et al., 
1989).  
When changing the temperature from 20.3°C to 10.3°C (Figure 12c) the EC50 value of 
CNGA2 channels was unchanged (1.7 µM cGMP) whereas the Hill coefficient decreased 








Table 4. EC50 values and Hill coefficient (H) for CNGA1 and CNGA2 channels activated 
with cGMP.   
 
 EC50 (µM cGMP) H 
CNGA1   20.3°C 46.5  1.98 
CNGA2    20.3°C 1.76  2.35 
CNGA2    10.3°C 1.7  1.68 
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Dose-response relationships for activation of CNGA2 and CNGA2/A4/B1b channels by 
cAMP at 20.3°C are shown in Figure 13. The experimental data were fitted by equation (2) 
yielding the EC50 value of 46.05 µM for CNGA2 (Figure 13a) and 4.53 µM for 
CNGA2/A4/B1b channels (Figure 13b).  







 cGMP (µM) 
Figure 12. Dose-response relationships. 
(a) CNGA2, 20.3°C, (b) CNGA2, 
10.3°C, (c) CNGA1, 20.3°C. The 
EC50 value and Hill coefficients are 
given in Table 4. In (b) and (c) the 
CNGA2 dose-response relationship 
(grey symbols) with cGMP at 20.3°C is 
given for comparison. Each data point 











These results confirm that CNGA4 and CNGB1b subunits increase the cAMP sensitivity of 
olfactory channels (Bönigk et al., 1999). Mean values of EC50 and Hill coefficient (H) for 
CNGA2 and CNGA2/A4/B1b activated with cAMP are summarized in Table 5. 
 
Table 5. EC50 values and Hill coefficient (H)  for CNGA2 and CNGA2/A4/B1b channels 
activated with cAMP.  
  
 EC50 (µM cAMP) H 
CNGA2 46.05  2.32 
















Figure 13.  Dose-response relationships for CNGA2 (a) and CNGA2/A4/B1b (b) channels at 
20.3°C for cAMP. The EC50 values and Hill coefficients are given in Table 5. The 
CNGA2 dose-response relationship (grey symbols) with cGMP at 20.3°C is given 
for comparison. Each data point was obtained from 5 to 12 experiments.  
 
Figure 14 shows the dose-response relationships for the chimeric channels o1r and r1o (see 
above) at 20.3°C. It was shown previously (Möttig et al., 2001) that the EC50 value of N-
terminal chimeras behaves as if the N-terminus region confers a portion of the typical EC50 
value to the other channel. The chimera o1r, a CNGA1 channel with CNGA2 N-terminus, 
shifts the EC50 value to a lower cGMP concentration (Figure 14a) compared to CNGA1 
channels (Table 4). The chimera r1o, a CNGA2 channel with CNGA1 N-terminus shifts 
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the EC50 value to higher cGMP concentration (Figure 14b) compared to CNGA2 channels 
(Table 4). The respective Hill coefficients are given in Table 6.  
 
Table 6. EC50 values and Hill coefficient (H) for the chimeras o1r and r1o activated with 
cGMP. 
         
 EC50 (µM cGMP) H 
o1r 9.41  1.49 
r1o 7.28  1.80 
 










Figure 14. Dose-response relationships for o1r (a) and r1o (b) channels at 20.3°C activated by 
cGMP. The CNGA2 dose-response relationship (grey symbols) with cGMP is given 
for comparison. Each data point was obtained from 7 to 10 experiments.  
 
The determined values of EC50 and H were inserted in equation (1) to determine the 




3.1.2. Activation of CNGA1 channels by cGMP concentration jumps  
 
In order to cover a wide range of ligand concentrations, three caged compounds with 
different properties were used: DEACMcGMP, BCMACMcGMP and BCMCMcGMP. 
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Upon irradiation of the patch expressing CNGA1 channels with flashes of UV light, large 
currents were recorded. The response consisted of a rapid rise in the current followed by a 
relative stable level for several seconds (see Material and Methods).  
The amplitude of the light-induced current was dependent on voltage (Figure 15), on 
intensity of the light flashes (Figure 16), and on the concentration of the caged compound 
used (Figure 17a). Figure 15a shows the light-induced activation of CNGA1 channels at 
four different voltages: -100 mV, -50 mV, +50 mV, +100 mV.  The curves were fitted by 
the sum of two exponentials equation (4). The activation components (Afast, Aslow) and time 
constants (τfast, τslow) were inserted in equation (8) to determine the mean activation time 
constant τmean: 
 
         τmean= (Afast/(Afast+Aslow)) τfast + (Aslow/(Afast+Aslow)) τslow                           (8). 
 
τmean were plotted as a function of voltage (Figure 15b). The plot indicates that the 
activation of CNGA1 channels at negative voltages is faster compared with the activation 
at positive voltages.  
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Figure 15. (a) Voltage dependence of CNGA1 current response induced by 21.57 µM cGMP. 
(b) Plot of the mean activation time constant, τmean, at different voltages. The circles 
represent the result from individual patches; the grey symbols represent the mean of 5 
to 8 individual measurements.   
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In the experiment shown in Figure 16, the light-induced CNGA1 currents recorded under 
conditions in which the light intensity was changed, were examined.  
 
 21.57 µM cGMP 









 20 ms 
 
Figure 16.  Intensity dependence of light-induced response. The curves represent consecutive 
current traces from a CNGA1 patch recorded at different light intensities. The 
activating DEACMcGMP concentration of 30 µM is kept constant during the 
experiment.  
 
As expected, the amplitude of the CNGA1 current increases when increasing the light 
intensity. 
Light-induced CNGA1 currents were elicited consistently over a wide range of caged 
cGMP concentrations (Figure 17a). The curves were fitted (red curve) with a sum of two 
exponentials (4), yielding the fast and slow time constant (τfast, and τslow) and their relative 
contributions, Afast and Aslow. If cGMP binds to equivalent sites at the subunits and the 
binding rate limits the activation process, then the activation time course must be 
monotonically slowed in the direction to lower cGMP concentrations. Instead, both time 
constants are faster at both, lower and higher cGMP concentrations if compared to those at 
21.57 µM cGMP. Figure 17b shows that increasing cGMP concentrations first increase 
both time constants until concentrations close to the EC50 value and then decrease again to 
the highest concentrations. The decrease of the time constants towards smaller cGMP 
concentrations than 21.57 µM shows that the activation process is not rate limited by the 
binding of cGMP but by conformational changes of the channel. Therefore, the determined 
time constants describe a conformational change associated with channel activation, which 
is slowest close to the EC50 value. 
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Figure 17. (a) Activation of CNGA1 currents by step-like changes of cGMP concentration. The 
black curves represent the normalized currents induced by flash photolysis of the caged 
cGMP. The gray lines represent the double exponential fit of the experimental data. 
The black arrow indicates the time point when the light flash was applied. (b) Plot of 
the mean activation CNGA1 time constants (τfast, τslow) as function of the cGMP 
concentration. The data points at 67.0 µM cGMP were determined using BCMCM 
cGMP and those at 81.3 µM cGMP using BCMACMcGMP. Each data point was 
obtained from 5 to 11 individual measurements. 
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3.1.3. Activation of CNGA2 channels by cGMP concentration jumps  
  
Activation of homotetrameric CNGA2 channels was studied using DEACMcGMP. The 
activation appeared in the time range of tens to hundreds of milliseconds. Hence, CNGA2 
channels activate more than 10 times slower than CNGA1 channels. The activation time 
course was studied over a wide range of cGMP concentrations and fitted with the sum of 
two exponentials equation (4), yielding the fast and slow time constant, τfast, and τslow, and 
their relative contribution, Afast, and Aslow.  
Both CNGA2 time constants depend on the cGMP concentration as follows (Figure 18b): 
Starting from the lowest cGMP concentration of 0.06 µM, they decrease to 0.15 μM, 
increase until 0.74 μM, and decrease again to the highest concentrations tested. This means 
that starting from the cGMP concentration of 0.15 μM and toward 0.74 µM there is an 
increase of the CNGA2 activation time constants. 
A similar phenomenon was observed for CNGA1 channels (c.f. Figure 17b). Therefore, 
also the activation process of CNGA2 channels is limited by conformational changes of the 
channel protein and not by the binding of the ligand to the binding site at all concentration 
exceeding 0.15 µM cGMP. 
At the lowest cGMP concentrations (from 0.06 µM to 0.15 μM), the decrease of the 
activation time constants with increasing cGMP suggests that the activation process could 
be limited by either the diffusion of the cGMP to the binding site or another 
conformational change of the channel preceding that at higher cGMP concentrations. 
The contribution of the fast and slow time constant, Aslow and Aslow, also depends on the 
cGMP concentration: The contribution of the slow exponential, Aslow, dominates at 
intermediate cGMP concentrations (between 0.13 µM and 3.64 µM), whereas the 
contribution of the fast exponential, Afast, dominates at both high and low concentrations (> 
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Figure 18.  Activation time course of CNGA2 channels by step-like changes of the [cGMP]. 
(a) Normalized current traces (black curves) at five different cGMP concentration steps 
from zero to the indicated concentration by flash photolysis. The red lines represent the 
double exponential fit of the experimental data. As caged compound DEACMcGMP 
was used. The transmembrane voltage was +100 mV. (b) Plot of the activation time 
constants (τfast, τslow) as function of the cGMP concentration. Each data point was 
obtained from 5 to 15 individual measurements.  
τfast = 7.0 ms
τslow = 233.2 ms 3.6 µM cGMP τfast = 44.2 ms
0.6 s 
0.7 µM cGMP τfast = 89.7 ms
τslow = 502.1 ms
0.4 µM cGMP τfast = 29.2 ms
τslow = 333.0 ms
τslow = 189.3.1 ms
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Figure 19. Relative contribution of the fast and slow exponential, Afast and Aslow, to the activation  
time course of CNGA2 currents. 
 
Figure 20a shows light-induced CNGA2 currents at 13.6 µM free cGMP at four different 
voltages: -100 mV, -50 mV, +50 mV, +100 mV. To see whether the flash-induced 
activation is voltage dependent, the four traces recorded at different voltages were 
superimposed (Figure 20b). In contrast to the experiment in Figure 15, this shows that 
CNGA1 activation is voltage dependent that of CNGA2 channels does not depend on 
voltage.  
From the data so far, we can conclude the following: 1. The CNGA1 activation time 
constants were significantly faster than those for CNGA2 currents (Figure 17, 18); 2. In 
contrast to the voltage dependent CNGA1 activation that of CNGA2 channels does not 
depend on voltage (Figure 20); 3. Similar to CNGA1 activation time constants, the 
CNGA2 time constants developed a maximum close to the EC50 value (Figure 17, 18). 
These results lead to the hypothesis that at the concentrations around the EC50 value, 
activation of CNGA1 and CNGA2 channels is not rate limited by the binding of cGMP to 































Figure 20. (a) Activation of CNGA2 currents by cGMP liberated by photolysis of 30 µM 
DEACMcGMP at four different voltages. (b) Superimposition of the normalized 
CNGA2 currents at -100 mV, -50 mV, +50 mV, and +100 mV.  
 
 
3.1.4. Temperature coefficient Q10 
 
To gain further insight into the reactions underlying the activation of CNGA2 channels by 
cGMP steps, we studied the cGMP-step induced activation of CNGA2 channels at 10.3°C 
and determined the temperature coefficient Q10 for both time constants.  
If the diffusional access of cGMP to the binding site is rate limiting, the Q10 value would 
be only 1.4. If a conformational change of the channel were rate limiting, the Q10 value 
could be 2 or larger. Lowering the temperature from 20.3°C to 10.3°C increased both time 
constants over the whole range of cGMP concentrations (Figure 21a). To obtain values at 
both temperatures at the same concentration, the values of τfast and τslow for 20°C were 
determined by linear interpolation. The resulting Q10 values ranged from 1.4 to 3.5, in the 
low cGMP range < 0.15 μM from 1.8 to 3.3 (Figure 21b). Because the values in the low 
cGMP range significantly exceed the theoretical Q10 value for diffusion, also at the lowest 
cGMP steps used herein, rate limitation must be inferred by a conformational change of the 
















Figure 21. (a) CNGA2 activation time constants, τfast and τslow, at 10.3°C as function of the cGMP 
concentration. Each data point was obtained from 5 to 10 experiments. (b) 
Temperature coefficient Q10 for τfast and τslow as function of the cGMP concentration. 
The different Q10 values of ~2 at cGMP concentrations larger than the EC50 value and 
~3 at cGMP concentrations between 0.1 - 0.3 μM suggest different rate limiting 
reactions in these cGMP concentration ranges.  
 
The Q10 values produce a characteristic profile over the whole cGMP range and this profile 
is roughly similar for both time constants: The Q10 value is ~2 at concentrations larger than 
the EC50 value and ~3 at the low cGMP concentrations of 0.1 - 0.3 μM (Figure 21b). The 
Q10 value decreases towards the lowest cGMP concentrations used (< 0.1 μM). This result 
confirms that different conformational changes rate limit activation in different 
concentration ranges. The roughly similar profiles of the Q10 values for both time constants 
indicate that the molecular reactions generating both time constants are closely related. 
 
 
3.1.5. Activation of CNGA1 and CNGA2 channels by voltage jumps  
 
We studied voltage-dependent activation in CNGA1 and CNGA2 channels and compared 
the time courses with those of the cGMP-step induced activation to investigate whether 
both types of activation are related.  
The kinetics of activation were examined by observing the relaxation in the current when 
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100 mV to +100 mV, an instantaneous outwardly directed current was followed by a time-
dependent current that increased to a new steady-state level. This activation to the steady-
state level appears in the millisecond time scale and it was attributed to the allosteric 
reaction of the channels (Benndorf et al., 1999). 
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Figure 22. Activation time course (black curve) of a CNGA2 channel by 1.43 µM cGMP when 
stepping the voltage from -100 to +100 mV. The time course was fitted (red curve) 
with a single exponential equation (3) yielding the time constant τv. A: activation 
component, B: instantaneous outwardly directed current at +100 mV following 
depolarization, C: steady-state current at -100 mV, D: steady-state current at +100 mV. 
 
The CNGA1-activation time course induced by voltage steps could be described with a 
sum of two exponentials (Figure 23). The resulting time constants, τv,fast and τv,slow, 
approximate the values induced by cGMP steps only at the higher range of the cyclic 
nucleotide concentrations used, between 20.5 µM and 82 µM cGMP. At concentrations 
lower than 20.5 µM cGMP, τv,fast is smaller compared to τfast, the cGMP jump-induced 
activation time constant. τv,slow is related similarly to τslow . At the slowest concentration of 
cGMP used, τv,slow approximates τfast obtained from concentration steps. In conclusion, the 
CNGA1 activation time constants induced by voltage steps are in the same range with the 
activation time course induced by cGMP steps only at high and intermediate 
concentrations while at small concentrations the voltage dependent activation is more 
rapid. This finding suggests that at high concentrations both, the voltage- and the cGMP 
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jumps-induced activation are limited by the same conformational changes of the channel, 
whereas at low concentrations they are limited by different reactions.  
Figure 23 shows a double logarithmic plot of the CNGA1 τv,slow and τv,slow, in comparison 













Figure 23. Activation time constants of CNGA1 channels (τv,fast, τv,slow) as function of cGMP 
concentration with voltage pulses from -100 to +100 mV at constant cGMP. For 
comparision, τfast and τslow obtained from cGMP jumps (grey symbols) at +100 mV are 
also included. Each data point was obtained from 5 to 15 experiments.   
 
In contrast to the results obtained from the concentration steps experiments, the voltage 
induced-activating component of CNGA2 channels could be described with a single 
exponential equation. 
The resulting time constant, τv, depends on the cGMP concentration in a bell-shaped 
fashion (Figure 24). At intermediate cGMP concentrations, between 0.15 µM and 5.8 µM 
cGMP, τv has values close to τslow whereas at both low and high cGMP, < 0.1 µM and > 7.1 
µM, τv is similar to τfast. In conclusion, τv is always similar to the dominating time constant 
of the cGMP-step induced activation.  
These results suggest that similar molecular reactions contribute to the voltage- and cGMP-
step induced activation over the all range of CN concentrations and that part of these 
























               
 














Figure 24. Activation time constant of CNGA2 channels (τv) as function of cGMP concentration 
with voltage pulses from -100 to +100 mV at constant cGMP. For comparison, τfast and 
τslow obtained from cGMP jumps (grey symbols) at +100 mV are also included. 
  
 
3.1.6. Activation of r1o and o1r chimeric channels by cGMP concentration 
jumps 
 
We next considered whether the transmembrane region determines the activation time 
course alone or in combination with intracellular channel parts. As an example of an 
intracellular domain, we considered the N-terminus. 
We used chimeric constructs between CNGA1 and CNGA2 channels: a CNGA1 channel 
with CNGA2 N-terminus (chimera o1r) and a CNGA2 channel with CNGA1 N-terminus 
(chimera r1o) (Figure 25). For terminology of the chimeras see Möttig et al., 2001.  
Möttig et al. (2001) showed that the N-terminus contributes to the difference in the EC50 
values of CNGA1 and CNGA2 channels. For a CNGA1 channel with CNGA2 N-terminus 
(chimera o1r), the EC50 value is shifted to a lower cGMP concentration whereas for a 
CNGA2 channel with CNGA1 N-terminus (chimera r1o) the EC50 value is shifted to a 
higher cGMP concentration. 
If the inserted N-terminus co-determines the speed of activation, one would expect a 
combined change of the EC50 value and the activation speed and if not, the inserted N-
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As a result, the inserted N-terminus from CNGA2 in a CNGA1 background (o1r) 
decreased EC50 to a value of 9.41 µM (Figure 14a) and increased both time constants 
(Figure 26).  
 
 
      
 
 
 r1o o1r 
   
Figure 25. Structure of the chimeras between CNGA1 and CNGA2 channels. Black boxes and fat 
lines indicate CNGA1 sequences, white boxes and thin lines CNGA2 sequences.      
 
The o1r activation time constants induced by cGMP jumps to a concentration near the EC50 
value were 2.4 times (τslow) and 3.5 times (τfast) larger than the corresponding CNGA1 time 
constants. Conversely, the inserted N-terminus from CNGA1 in a CNGA2 background 
(r1o) increased the EC50 to 7.28 µM (Figure 14b) and decreased both time constants 
(Figure 26). The time constants of r1o activation induced by a concentration equivalent 
with the EC50 value were 1.7 times (τslow) and 1.13 times (τfast) faster than the 













Figure 26. Plot of the τslow (open symbols) and τfast (filled symbols) as function of the cGMP 
concentration for CNGA1 channels (black symbols), chimera o1r (violet symbols), 
chimera r1o (blue symbols) and for CNGA2 channels (red symbols). The arrows 
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indicate the respective EC50 values determined by concentration-response 
relationships. The activation time course of CNGA1 and CNGA2 are given for 
comparison. 
 
In general, the o1r and r1o activation time constants are similar with those of CNGA1 and 
CNGA2 channels. The time constants are at their highest point at the concentration around 
the EC50 value, develop a minimum at lower concentrations and increase again at the 
lowest concentrations. This result suggests that the activation of CNG channels also 
involves intracellular domains. 
 
 
3.1.7. Activation of CNGA2 channels by cAMP concentration jumps  
 
If in the whole range of tested cGMP concentrations, conformational changes of the 
channel rate limit the activation time course by cGMP steps, then a cyclic nucleotide with 
significantly higher EC50 value, as cAMP, should generate similar activation time courses 
at respectively higher concentrations. For CNGA2 channels, this would mean that the 
profile of the time constants τfast and τslow in Figure 18b would be simply shifted to higher 
concentrations. Any other changes would indicate that the cyclic nucleotide modulates the 
kinetics of the conformational changes. In addition, using a ligand with significantly higher 
EC50 value (cAMP), allows to elegantly confirming that the diffusion of the ligand to its 
binding site does not rate limit the CNGA2 activation time course.     
We studied activation of CNGA2 channels with steps of the cAMP concentration. CNGA2 
channels have a 26 times higher EC50 value with cAMP than with cGMP (Figure 13a).  
cAMP steps to a concentration near the EC50 value activated CNGA2 currents with similar 
kinetics as did the cGMP steps (Figure 27).  
The values for the CNGA2 activating time constants with cAMP steps, τfast and τslow, were 
roughly similar to those for cGMP steps, but shifted to higher concentrations (Figure 28a). 
Similar with CNGA1 and CNGA2 activation time constants as function of cGMP 
concentration, with cAMP, the curves also developed a maximum close to the EC50 value. 
Consequently, normalization of the cyclic nucleotide concentrations with respect to the 
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Figure 27. Activation of homotetrameric CNGA2 currents by step-like changes of the cAMP 
concentration. Examples of normalized current traces (black curves) at cAMP 
concentration steps from zero to concentrations in the range of the EC50 value. The 
transmembrane voltage was +100 mV. The traces were fitted (red curves) with the sum 
of two exponentials, yielding the activating time constants τfast and τslow. The black 
arrow indicates the time point when the light flash was applied. 











Figure 28. Activation time constants of CNGA2 channels for cAMP and cGMP steps. (a) Plot of 
τfast (filled symbols) and τslow (open symbols) as function of cAMP (black symbols) and 
59.2 µM cAMP  τfast = 42.6 ms 
 
τslow = 196.5 ms 
 
 
τslow = 376.0 ms 46.0 µM cAMP τfast = 76.3 ms 
 
τslow = 261.7 ms  23.9 µM cAMP τfast = 37.1 ms 
 




























cGMP (grey symbols) concentration; (b) Plot of τfast and τslow as function of the cyclic 
nucleotide concentration normalized with respect to the EC50 value. Same symbols as 
in (a). The profiles are roughly similar, except that with cAMP the time constants are 
some smaller at the higher relative concentrations. The data for CNGA2 channels 
activated by cGMP steps are indicated for comparison. Each data point was obtained 
from 5 to 10 experiments. 
 
In line with the above hypothesis, this result suggests that with both cyclic nucleotides the 
activation time course is rate limited by similar conformational changes of the channel. 
Again, we can conclude that the diffusion plays no role in channel activation. The main 
difference between both cyclic nucleotides for the gating arises from different affinities.  
Besides the overall similar activation time courses with cAMP and cGMP, at cNMP/EC50 > 
0.3 both time constants are smaller with cAMP than with cGMP (Figure 28b). This result 
suggests that the specific structure of cyclic nucleotides also modulate the conformational 
changes following the binding reactions. 
The contribution of the fast and slow time constants, Afast and Aslow, also depends on the 
cAMP concentration: Similar with the results obtained with cGMP steps (Figure 19), the 
contribution of the slow exponential, Aslow, dominates at intermediate cAMP 
concentrations (between 6.0 µM and 59.2 µM cAMP), whereas the contribution of Afast 
dominates at low concentrations (< 3.83 µM cAMP) (Figure 29). Unfortunately, recordings 
at cAMP concentrations higher then 59.2 µM were not possible.  
 
 
0,01 0,1 1 10
 /   Afast 









Figure 29. Relative contribution of the fast and slow exponential, Afast and Aslow, to the CNGA2 
activation time course. (a) Plot of Afast (filled symbols) and Aslow (open symbols) as 
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function of cAMP (black symbols) normalized with respect to the EC50 value; (b) Plot 
of Afast and Aslow as function of the cAMP (black symbols) and cGMP (grey symbols) 
normalized with respect to the EC50 value. Same symbols as in (a). In (b) the data for 
CNGA2 channels activated by cGMP concentration steps are indicated for comparison.  
 
 
3.1.8. Activation of CNGA2/A4/B1b channels by cAMP concentration jumps 
 
We further tested whether the results so far also reflect properties of native olfactory 
channels. The CNG channels from the olfactory sensory neurons are heterotetramers with a 
subunit composition CNGA2:CNGA4:CNGB1b of 2:1:1 (Zheng and Zagotta, 2004). The 
CNGA2/A4/B1b channel resembles the native olfactory channel with respect of its 
sensitivity to cAMP, discrimination between Na+ and K+, single-channel conductance, 
kinetics of open-closed transition, whereas other subunit combinations (CNGA2/A4 or 
CNGA2/B1b) display pronounced differences with respect to the native channel (Bönigk et 
al., 1999).  
The resulting dose-response relationship for CNGA2/A4/B1b channels with free cAMP 
provided an EC50 value of 4.53 μM (Figure 13b), which is similar to that for recombinant 
heterotetrameric (Sautter et al., 1998; Bönigk et al., 1999; Bradley et al., 2001) and native 
olfactory channels (Frings et al., 1992; Bönigk et al., 1999; Bradley et al., 2001).  
The CNGA2/A4/B1b activation time course was studied over a wide range of cAMP 
concentrations using as caged compound DEACMcAMP. The activation time course was 
fitted with the sum of two exponentials equation (4), yielding the fast and slow time 
constant and their relative contribution, τfast, τslow, Afast, and Aslow, respectively (Figure 30).  
Both time constants depend on the cAMP concentration as follows: Starting from the 
lowest cAMP concentration, they decrease from the concentration of 0.44 μM to 1.3 μM, 
increase until 3.06 μM, and decrease again to the highest concentrations. When 
normalizing the cAMP concentration with respect to the EC50 value (Figure 31), the time 
constants for cAMP steps (Figure 30) equalled those obtained with homotetrameric 
CNGA2 channels (Figure 18b). These results suggest that in hetero- and homotetrameric 
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Figure 30. Activation of CNGA2/A4/B1b channels by step-like changes of the cAMP 
concentration. Plot of the CNGA2/A4/B1b channel activation time constants (τfast, 
τslow) as function of the cAMP concentration. Each data point was obtained from 5 to 














Figure 31. Plot of τfast (filled symbols) and τslow (open symbols) of CNGA2 (blue symbols) and 
CNGA2/A4/B1b (black symbols) channels as function of the cAMP concentration 
normalized with respect to the EC50 value. The profiles are roughly similar. The data 
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The contribution of the CNGA2/A4/B1b fast and slow time constants, Afast and Aslow, also 














Figure 32.  Relative contribution of the fast and slow exponential, Afast and Aslow, to the   
CNGA2/A4/B1b activation time course. Plot of Afast (filled symbols) and τslow (open 
symbols) as function of the cAMP concentration. 
 
The results were similar to those with CNGA2 channels activated by cGMP and cAMP 
steps (Figure 19 and Figure 29a). In the range of cAMP concentrations tested, the slow 
exponential dominates at cAMP concentrations lower than 4.79 µM and the fast 











































3.2. Single-channel currents  
 
We addressed the question how many subunits contribute to the activation of the channels 
and we also tried to explain the data with respect to the mechanism of ligand binding. To 
approach this goal we recorded and analyzed the gating of single CNGA2 channels 
because single channel activity provides additional information. 
We examined the kinetics of the CNGA2 single channels under steady-state conditions. 
Figure 33, left panels, presents current traces showing openings of a CNGA2 channel at 
+100 mV, and 100 µM cGMP (a) or 2 mM cAMP (b). At saturating concentration of both 
cGMP and cAMP the channel is predominantly in the open state which is interrupted only 
rarely by very short closings. There was no bursting behavior. Because of the long periods 
spend in the open configuration the open probability was almost 1 for both CN.     
Previous work on multichannel patches suggested that CNG channels could open 
spontaneously with very low probability in the absence of the cyclic nucleotide (Li and 
Lester, 1998, Tibbs et al., 1997; Picones and Korenbrot, 1995). Figure 33c shows current 
traces with openings of a CNGA2 channel recorded at +100 mV in the absence of the 
ligand.  
The lack of flicker and the lack of subconductance states are in contrast to the native rat 
olfactory CNG channels (Frings et al., 1992), the expressed homotetrameric bovine 
photoreceptor CNG channels (Ruiz and Karpen, 1997), expressed heterotetrameric 
olfactory channels (Bradley et al., 1994) and homotetrameric CNGA1 channels (Kusch et 
al. 2004). In the absence of the ligand, the spontaneous openings were very brief.  
Figure 33a,b (right panels) show open-time histograms for a CNGA2 channel recorded at 
saturating concentrations of cGMP and cAMP. The open-time histograms could be 
described with a monoexponential equation in case of activation with saturating 
concentrations by both ligands, with time constants of 96.1 ms for cGMP and 88.8 ms for 
cAMP.  
Figure 33c (right panel) shows the open-time histogram for a CNGA2 channel in the 
absence of any ligand. The best fit was provided by a sum of two exponentials equation. 
The resulting mean open times calculated using equation (7) and open probabilities are 
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Figure 33. Open time of CNGA2 channels at saturating and zero cyclic nucleotide. (a) 100 μM 
cGMP, single-channel patch. (b) 2 mM cAMP, single-channel patch. Both open-times 
distributed monoexponentially. (c) No cNMP,  multichannel patch (~175 channels). 




Table 7. Single-channel parameters in the absence of any cyclic nucleotide and at      
saturating concentrations of cGMP and cAMP. 
 









100 µM cGMP 
 
93.2 ± 10.6 0.99 ± 0.001 1062 10.7 5 
2 mM cAMP 
 
75.2 ± 5.4 0.99 ± 0.002 1317 13.3 4 
 
The mean open time τo, at 0 μM cGMP, was calculated according to equation (7). Po is the open 
probability. The rate constants, kCO and kOC were determined from the means according to 
equations (9 a and b). 
 
If conformational changes associated with the pore opening are rate limiting for the 
activation process, then the binding of cGMP, and the associated reactions, must be much 
faster than the allosteric reaction of the CNG channel opening. Ruiz and Karpen (1997, 
1999) reported that partially liganded CNGA1 channels open frequently to sublevels and 
sometimes as reported by Kusch et al. (2004) to superlevels. If the cGMP binding reaction 
plus the associated reactions are much faster than the allosteric opening reaction, then 
cGMP jumps from 0 to concentrations close to the saturating values should generate single 
channel currents opened to the stable level observed under steady-state conditions. On the 
other hand, if the cGMP binding reactions plus the associated reactions are slower than the 
allosteric opening reaction then the single channel should reach the steady-state level by 
first passing sublevels and superlevels. 
Using the flash-photolysis technique, we could test this hypothesis by studying the 
activation of CNGA1 and CNGA2 single-channel currents. The channels were activated by 
cGMP steps from zero to a concentration close to the saturating values. The CNGA1 and 
CNGA2 channels activated by stepping directly to the level observed at saturating 
concentration (Figure 34 a,b). No intermediate levels or superlevels were passed when the 
CNG channel switched from the closed to the open state. In particular for CNGA1 














Figure 34. Flash-photolysis induced activation of single CNGA1 and CNGA2 channels. 
Consecutive traces of CNGA1 (a) and CNGA2 (b) single channels activated by 
81.26 µM cGMP and 7.2 µM cGMP, respectively. The cGMP concentrations were 
estimated from macroscopic current activated with the same concentration of the 
caged cGMP (DEACMcGMP for activation of CNGA2 channels and 
BCMACMcGMP for activation of CNGA1 channels). The black arrow represents 
the time point when the light flash was applied and the free cGMP was released from 
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3.3. Kinetic models  
  
Based on the time constants that characterize the kinetics of cNMP-steps induced CNGA2 
currents and the kinetic parameters of non-liganded and fully liganded single channels, 
kinetic models were fitted to the data. For the fits, to reduce the number of free parameters, 
we used the open probability Po and the mean open time τo determined at both zero and 
saturating cNMP concentration. Assuming that at both conditions each model reduces to a 
two-state model according to 
 






the rate constants kCO and kOC could be calculated directly from the means in Table 7 
according to 
 
                                                kCO = Po/[τo(1-Po)]                                                             (9a) 
                                                kOC=1/τo                                                                             (9b)                      
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The models were globally fitted to seven traces covering a wide range of cGMP 
concentrations (Figure 35). The traces were selected such that the time constants obtained 
by the fit with a biexponential function maximally matched the means provided by Figure 
31. The current amplitudes were normalized with respect to the determined open 
probability at each concentration. The rate constants for the transition C2↔O2 were 
equated to those of the transition C1↔O1 because the fitting routine reduced the open 
probability of the single liganded channel consistently to lower values than that of the non-
liganded channel, which is counterintuitive. 
In the first phase of our modeling strategy, the Monod-Wyman-Changeux (MWC) model, 
the Coupled-Dimer (CD) model and also variations of these models with different numbers 
of open states and binding reactions were tested. 
With a Monod-Wyman-Changeux model (Scheme 2) with four binding reactions (c.f. 
Goulding et al., 1994) the rate constants k3 and k4 were determined with:  
 
                                  Po(0)=k3/(k3+e4k4)                                                                           (10a)   
                                  τo(0)=1/e4k4                                                                                    (10b)                       
                                  Po(sat)=f 4k3/(f 4k3+k4)                                                                     (11a) 
                                  τo(sat)=1/k4.                                                                                    (11b)                        
                                                                                                                                                                                
 
To solve these equations, two different allosteric parameters, e and f, had to be used 
(Scheme 4). Using the values from Table 7, the results were k3 = 1.09x10-1 s-1, k4=10.73 s-1, 
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The fit with the MWC model with the binding of four ligands to equivalent sites shows that 
this type of model does not adequately describe the activation time course and the steady-
state current at the same time (Figure 35a). Particularly inconsistent is that the model 
predicts pronounced sigmoidal activation whereas the experimental data are exponential.  
 55
The Coupled-Dimer (CD) model (Liu et al., 1998) predicts that each dimer can bind two 
ligands and the channel is assumed to be open only if both dimers are in an open state. In 
the case of the fit with the Coupled-Dimer model (Scheme 5): the rate constants k3 and k4 
were determined from the relations:  
 
Po(0)=[k3/(k3+e2k4)]2                                                              (12a)    
τo(0)=1/2e4k4                                                                          (12b)                        
Po(sat)=[f 2k3/(f 2k3+k4)]2                                                         (13a) 
τo(sat)=1/2k4.                                                                           (13b)                        
                                                                        
Again, two different allosteric parameters, e and f, were used. The results were k3=5.03 s-1, 
k4=5.36 s-1, f=14.52, e=9.19. The fit yielded k1=2.8x106 M-1s-1 and k2=4.6 s-1.   
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When fitting the data with the CD model we obtain also a negative result, the sigmoidicity 
was too large (Figure 35b). It should be stressed, however, both models can fully describe 
the steady-state currents alone, reflecting the dose-response relationship (not shown).  
Further were tested 11 variants of the MWC model and 7 variants of the CD model, 
differing in the number of open states (3 to 5) and the number of ligands (2 to 4). Similar 
with the results obtained when fitting the data with the MWC model, all these variants 
produced activation time courses with too much sigmoidicity.  
Therefore, cooperative models with unequal binding sites were considered. There were 
fitted 78 different models (1) with two, three, or four binding reactions, (2) with ligand 
binding in the closed and open states, only in the closed states, and all intermediate cases, 
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Figure 35. Kinetic schemes with independent ligand binding are inadequate to describe the time 
courses of cGMP-step induced activation of CNGA2 channels. Seven normalized 
current traces (black curves) covering a wide range of concentrations were globally 
fitted (red curves). (a) Monod-Wyman-Changeux (MWC) model with four binding 















Best fits were obtained with models where all rate constants of binding and unbinding were 
free parameters. Models with three binding reactions were significantly superior over those 
with only two binding reactions. The models with four binding reactions were “reduced” 
by the fit to models with three binding reactions by setting Po of the fully liganded state to 
paradoxically low values at high cGMP. Moreover, among models with three binding 
steps, those with ligand binding in the closed states only were superior over those with 
ligand binding in both closed and open states.  
The model with the best fit includes pronounced negative and positive cooperativity for the 
second and third binding reaction, respectively (Figure 36a): The first binding event is fast 
and does not lead to noticeable opening. The second binding event is by three orders of 
magnitude slower but switches to a state from which opening is extremely promoted. The 
third binding event is fast again and channel opening is similarly stabilized as for the 
double-liganded channel.  
In conclusion: the sequence of the ligand affinity for the three binding reactions is high, 
low, high and only the second binding reaction switches the open probability from 
extremely low to extremely high values.  
Fitting this model to respective traces activated with cAMP steps produces a similar 
pattern of rate constants as with cGMP steps (Figure 36b). The main difference between 
both cyclic nucleotides is that with cAMP the rate constants for the three binding reactions 
are slowed by similar factors, ranging from 27 to 65, whereas the unbinding reactions 
differ by less than fourfold. At the respective EC50 values, the first two binding events are 
similarly fast whereas the third binding event is more than two times slower with cAMP 
than with cGMP. The faster activation time course with cAMP than with cGMP, if 
compared with respect to the EC50 values (c.f. Figure 31), results from the faster transition 
C3↔O3, indicative that the cyclic nucleotide does not only determine the binding reaction 
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Figure 36.  Kinetic scheme describing activation time courses of CNGA2 channels induced by 
concentration steps of the cyclic nucleotide. Seven normalized current traces (black 
curves) covering a wide range of concentrations were globally fitted (red curves). The 
black numbers in the kinetic schemes indicate rate constants with the units M-1s-1 for 
the binding reactions and s-1 for all other reactions. The blue numbers indicate rate 
constants at the EC50 value with the unit s-1. (a) cGMP steps. The model with three 
highly cooperative binding events describes both the activation time courses and the 
steady-state currents (dose-reponse relationship) adequately. (b) cAMP steps. The 
rate constants at saturating cAMP were determined from single-channel recordings at 
2 mM cAMP (Tabel 7, Figure 34b). The three binding reactions are slowed 36 to 54 








In this study, CNG channel activation by flash-photolysis induced jumps of cGMP or 
cAMP has been investigated. We focused on studying the current under non-steady state 
conditions to gain insights in the sequence of conformational changes that are not 
accessible with measurements under steady-state conditions. In addition, the flash 
photolysis-induced activation time course of CNG channels was compared to that induced 
by voltage jumps.  
 
 
4.1. Dose-response relationships 
 
The standard approach to study the activation of CNG channels is to measure the dose-
response relationship for cNMPs under steady-state conditions. To characterize a dose-
response-relationship, generally the Hill equation (2) is used. This equation characterizes a 
concentration leading to 50% activation (EC50) and an exponent (H, Hill coefficient) that 
defines the steepness of the relationship and thus represents an estimate for the numbers of 
ligand binding to the channel when assuming infinite cooperativity (Hill, 1910). When this 
model is applied to channel activation, the unliganded channel is assumed to be closed and 
the fully liganded channel is assumed to be open.  
In both channels, CNGA1 and CNGA2, the relation between the CN concentrations and 
channel opening is steep, with a Hill coefficient between 1.95 and 2.35 on double-
logarithmic coordinates (Table 4 and 5). This implies that at least two molecules of cGMP 
or cAMP are necessary for activation of the channels. When working on rod single 
channels locked in different liganded states, Ruiz and Karpen (1997) showed that the 
binding of three cGMPs is needed for a significant opening of the channels. However, the 
Hill coefficients reported so far for the CNG channels are quite variable, ranging from 1.5 
to 3.4. Ruiz et al. (1999) offered one possible explanation for the variability of the slope of 
the dose-response relationships. They suggested that shallow dose response-relationships 
arise in macropatches from mixtures of channels with high Hill coefficients and variable 
sensitivity to cyclic nucleotides.    
Because of the steepness of the dose-response relationships in the physiological range of 
concentration (less than 5 µM cGMP in retinal rods), a small variation in the CN 
concentration in the cytoplasm causes a large change in the open probability. This is of 
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great importance for the phototransduction cascade because it contributes to a high 
amplification at low light intensities. 
For the CNGA1 channel from rod photoreceptors, cGMP is a much more efficient agonist 
than cAMP, i.e. saturating cGMP concentrations cause much higher open probability than 
saturating cAMP concentrations. This difference between the cyclic nucleotides is 
consistent with the central role of this second messenger in visual signal transduction 
(Stryer, 1986).  
The CNG channels from the olfactory sensory neurons are opened equally well by cAMP 
and cGMP (Figure 12a, 13a). In addition, it is shown herein that CNGA2 channels are 26.2 
times less sensitive to cAMP than to cGMP (Figure 13a, Table 5). Similar results were 
obtained by Bradley et al. (1994); they reported that the EC50 of cGMP is about 30 times 
smaller than that of cAMP and a major portion of this difference is explained by 
differences in the binding reaction and not in the gating process.  
Moreover, it is shown that the temperature doesn’t have an influence on the EC50 value for 
CNGA2 channels. When decreasing the temperature from 20.3° C to 10.3° C, the EC50 
value for cGMP remained nearly unchanged (1.7 µM cGMP) (Figure 12a, b). 
The present data are in line with the previous results showing that homotetrameric CNGA2 
channels from olfactory sensory neurons (OSNs) have a much higher sensitivity for cGMP 
than homotetrameric CNGA1 channels (Figure 12a, c). At 20.3° C, the EC50 value for 
CNGA2 channels for cGMP is 26 times smaller than that for CNGA1 channels (Table 4). 
The EC50 values obtained in this study, 1.76 µM for CNGA2 channels and 46.5 µM for 
CNGA1 channels, fit with the ones reviewed by Trudeau and Zagotta in 2003 (2 µM 
cGMP for CNGA2 channels, 40-60 µM cGMP for CNGA1 channels).  
The present data also confirm the EC50 value of CNGA2/A4/B1b channels, suggesting that 
our channels were also composed of 2 CNGA2 subunits, one CNGA4 subunit, and one 
CNGB1b subunit (Zheng and Zagotta, 2004). Coexpression of CNGA2 with CNGA4 and 
CNGB1b subunits results in similar efficiency of cGMP and cAMP. In addition, the EC50 
value for CNGA2/A4/B1b channels with cAMP, determined herein (4.53 µM; Figure 13b, 
Table 5) is very close to that of native olfactory channels of 4 µM cAMP (Bönigk et al., 
1999; Trudeau and Zagotta, 2003). This result shows that CNGA4 and CNGB1b subunits 
increase the sensitivity of the CNGA2 channel to cAMP by a factor of 10 (Figure 13a, 
Table 5).  
Numerous studies focused on the molecular basis of ligand sensitivity and selectivity. The 
search for key residues involved in binding and gating was guided by previous work on 
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ligand binding and activation in PKA, PKG, and the CAP protein. It was revealed that 
several regions determine the apparent affinity of CNG channels, including the cNMP-
binding domain, the C-linker region, the N-terminal domain, and the pore region (Möttig et 
al., 2001). 
Using chimeras constructed between the CNG channel from vertebrate photoreceptors and 
from the OSNs, it could be confirmed that the N-terminus is one of the determinants of the 
characteristic EC50 of CNG channels. The olfactory N-terminus decreased the EC50 value 
compared to the rod N-terminus (Figure 14a,b). Chimera o1r, CNGA1 channel with 
CNGA2 N-terminus, has a lower EC50 value compared to that of the CNG channel from 
photoreceptors (9.41 µM cGMP compared to 46.5 µM) and chimera r1o, CNGA2 channel 
with CNGA1 N-terminus, have a higher EC50 value compared to that of the CNG channel 
from OSNs (7.28 µM cGMP compared with 1.76 µM cGMP) (Table 6). Moreover, the 
inserted N-terminus determined not only a change of the EC50 value but also influenced the 
speed of the activation process. These results show that the N-terminus is one of the rate 
limiting factors for the CNG channels activation. 
Gordon et al. (1997) reported that CNGA1 channels form a disulfide bond between the 
cysteine residues at position 35 in the amino-terminal region and 481 in the C-linker of the 
carboxyl-terminal region. They conclude that this interaction between the N-terminus and 
the C-linker stabilizes the open state by a decrease of both the EC50 value and the number 
of ligands required for opening. Due to the fact that the olfactory N-terminus does not 
contain the respective CNGA1 cysteine residues, the N-terminus must stabilize the open 
state by a mechanism, which does not involve the disulfide bound discussed above (Möttig 
et al., 2001).  
 
 
4.2. Activation kinetics of CNG channels  
 
4.2.1. Activation kinetics by CN concentration jumps 
 
Flash-photolysis of caged CN was used to examine the conformational changes associated 
with the gating of CNG channels. The response of the channels to the liberated CN caused 
a rapid increase of the current to a stable level. After a few seconds the current decreased 
slowly due to the replacement of the CN by ligand-free solution (Figure 7). Similar time 
courses of the photolysis-induced current were observed when testing two caged 
 62
compounds, caged 8-Br-cAMP and caged 8-Br-cGMP, on CNG channels of bovine 
olfactory sensory neurons (Hagen et al., 1996). Karpen and coworkers (1988) studied the 
flash-induced activation of CNG channels from the rod outer segments of the larvar tiger 
salamander, Ambystoma tigrinum, and they observed fast activation. The current reached a 
maximum in less than 200 ms. The following decline was slow. Karpen and coworkers 
(1988) attributed the slow decline to a drop in cGMP concentration near the membrane due 
to the formation of a small slab of adhering disc rims at the cytosolic face of the patch.  
In our experiments, the activation of homotetrameric CNGA2 channels by cGMP and 
cAMP jumps displayed a characteristic profile: starting form the lowest ligand 
concentration tested, the activation time constants decreased until a minimum, then 
increased with a maximum close to the EC50 value and further decreased (Figure 28a). 
Furthermore, activation of heterotetrameric CNGA2/A4/B1b with cAMP showed similar 
time constants to those of the homotetrameric CNGA2 channels when related to the EC50 
value (Figure 31). 
These results show that at all cyclic nucleotide concentrations larger than the minimum the 
activation cannot be rate limited by the binding of the ligand but by conformational 
changes within the channel protein. At concentrations below the minimum, the decrease of 
the activation time constants with increasing ligand concentrations suggests that another 
process is rate limiting for the activation process than at concentrations larger than the 
minimum. This process could be either the binding of the ligands to their binding sites or 
specific conformational changes of the channel preceding those limiting the activation 
speed at higher CN concentrations. The similarity of the activation time courses at the 
lowest cAMP and cGMP concentrations strongly suggests that the binding alone cannot be 
the rate-limiting process at the lowest CN concentrations. If the profile of the time 
constants at low CN concentrations describes conformational changes of the channel 
associated with the binding of the ligand then these time constants would characterize 
conformational changes following the binding. The ligand binding itself must be faster 
than these conformational changes.  
CNGA1 channels also produce maximally slow time constants close to the EC50 value. 
However, at the lowest concentrations where reasonably larger currents could be elicited, 
the time constants did not decrease to higher concentrations (Figure 17b). One may 
speculate that this difference to olfactory channels is caused by the fact that for CNGA1 
channels measurements at sufficiently low concentrations are simply impossible because of 
the low sensitivity of these channels to cyclic nucleotides.  
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Comparing the over-all activation time course of CNGA1 and CNGA2 channels, activation 
of CNGA2 channels is about 20 times slower than the activation of CNGA1 channels. 
When studying native CNG channels from salamander olfactory-receptor neurons and 
recombinant rat olfactory CNG channel exposed to short pulses of known concentrations 
of cGMP or cAMP, Zufall et al. (1993) observed that both the activation and deactivation 
kinetics of the olfactory CNG channels were much slower than the rapid changes in CN 
concentration. However, methodical limitations associated with the used solution switcher 
should be taken into account when interpreting these data. Kinetic data obtained from 
phototransduction studies showed that the rate constant for retinal CNG channel activation 
is at the diffusion-control limit, and the channel responds to the instantaneous cGMP 
change (Yau and Baylor, 1989). A slower activation of olfactory CNG channels compared 
to that of retinal channels (Karpen et al., 1988) was also reported by Hagen et al. (1996). In 
this study on CNG channels from bovine olfactory sensory neurons, these authors used 
flash photolysis of caged 8-Br-cAMP and caged 8-Br-cGMP. The difference in the 
activation time course between the two CNG channels might closely mirror the different 
requirements of the two sensory cascades: The olfactory receptor cell has to discriminate 
between a large number of different odor molecules. To achieve this without loss of 
sensitivity it appears to use an intracellular amplification system that gains increased 
sensitivity at the expense of extended time. In contrast, photoreceptors have only to sense 
light and often quick changes of the light intensity have to be processed. 
The finding that the activation time course of the heterotetrameric CNGA2/A4/B1b 
channels (Figures 31) matches the one of homotetrameric CNGA2 channels indicates that 
both types of channels work similar. The difference between the homo- and 
heterotetrameric channels lies in the ligand binding whereas the allosteric reaction of 
channel must be similar. This conclusion is noticeable because two of the four subunits are 
different. Possible explanations are that the CNGA4 and CNGB1b subunit contribute 
similarly to the allosteric reaction like their CNGA2 counterparts in homotetrameric 
channels. Alternatively, the CNGA4 and/or the CNGB1b subunit could not be involved in 
the allosteric reaction. Because of the similarity of the activation time course in homo- and 
heterotetrameric channels, this would mean in turn that also in homotetrameric channels 
activation is rate limited by either two or three subunits only.   
When studying the activation of CNGA2 channels as function of both ligands, cGMP and 
cAMP, and also of CNGA2/A4/B1b as function of cAMP, we observed that the 
contributions of the fast and slow component, Afast and Aslow, were roughly similar (Figures 
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19, 29 and 32). For both homotetrameric and heterotetrameric channels the slow 
exponential dominates at intermediate concentrations of the ligand and the fast exponential 
dominates at both low and high concentrations.  
In addition, using N-teminal chimeras between the CNG channels from vertebrate 
photoreceptors and OSNs, it was observed that the activation time course followed a 
similar pattern as for homotetrameric CNGA1 and CNGA2 channels. The o1r and r1o 
activation time constants showed a maximum around the EC50 value. Moreover, the 
inserted N-terminus determined not only a change of the EC50 value but also the activation 
speed of the chimera. These results show that the activation of the channels is a complex 
allosteric process which is rate limited not only by transmembrane parts but also by 
intracellular domains, as the N-terminus.  
When studying the voltage dependence of the gating kinetics of olfactory channel with 
short pulses of CN concentrations, Zufall et al. (1993) observed that the activation of the 
current, in contrast to deactivation, was voltage independent and they suggested that the 
entire voltage sensitivity for channel activation is determined by the rate constant of 
channel closing. Herein, we confirmed that the activation time course of CNGA2 is voltage 
independent (Figure 20). On the other hand, CNGA1 channels showed pronounced voltage 
dependence of activation (Figure 15). The cause of this difference between the channels 
remains unknown.  
 
 
4.2.2. Activation kinetics by voltage jumps  
 
Voltage-dependent activation of CNGA1 and CNGA2 channels was studied by 
depolarizing the membrane and studying macroscopic currents at a constant concentration 
of CN. At subsaturating concentrations of cGMP and cAMP, the current underwent a time-
dependent increase to a steady-state level. 
Working on CNGA1 channels, Benndorf et al. (1999) showed that when changing the 
voltage from negative to positive values, the mean open time increases dramatically and 
concomitantly the frequency of openings decreased. The increase of the open time is 
explained by unresolved closures due to immediately reopening of the fully liganded 
channel. When depolarizing multichannel CNGA1 patches from -100 to +100 mV, herein 
it was observed the activation time course could be described with a sum of two 
exponentials (Figure 23), similar to the activation time course following CN jumps. In case 
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of CNGA2 activation by the same voltage steps, the activating component could be 
described with a single exponential (Figure 24) though activation by CN jumps was 
biexponential. It is therefore presumed that CNGA2 channels activation induced by cyclic 
nucleotide concentration jumps is a complex process which includes reactions absent in the 
voltage-step induced activation. In contrast, in CNGA1 channels, activation by voltage 
steps and CN jumps is rate limited by similar reactions.   
In CNGA2 channels and low CN concentrations, voltage dependent activation significantly 
differs from activation induced by CN jumps. This finding can be interpreted in the way 
that at low cGMP both types of activation are rate limited by different reactions, possibly 
by conformational changes associated with the ligand binding.  
Voltage-dependent activation in the CNG current from salamander rod outer segments was 
also observed by Karpen et al. (1988) when switching the voltage from -50 to +50 mV. 
They reported that activation became faster as the cGMP concentration increased and 
reached a limiting rate above 50 µM. This shows that an intramolecular conformational 
change becomes rate limiting at high concentrations. The differences to our results could 
be explained by the fact that Karpen’s study was performed on native channels. Several 
studies showed previously that all aspects of channel activation are influenced by the 
subunit composition of CNG channels and by the system they are expressed in (Bradley et 
al., 2001; Bönigk, et al., 1999; Dzeja, et al., 1999). However, there are a number of points 
to be taken into consideration. First, in a series of experiments with rat heterotetrameric 
CNGA2/A4/B1b channels, expressed in Xenopus oocytes, voltage-dependent activation 
time course underwent a similar pattern as for homotetrameric CNGA1 and CNGA2 
channels (data not shown). The only difference consists in the fact that the activation 
kinetic of heterotetrameric channels were described by a sum of two exponentials. Second, 
in the study of Karpen et al. (1988) the experiments were performed in Na+-containing 
solution whereas in this study a K+-containing solution was used. Significant influence of 
the permeating ions on the gating of CNG channels has been shown by Bucossi et al. 
(1997) and Kusch et al. (2004). Hence, effects of the permeating ions on the gating could 







4.2.3. Temperature dependence of CNGA2 activation  
 
Reaction rates depend on the temperature in a characteristic manner. The Q10 value 
describes this dependence. Q10 values of ~1.4 suggest that diffusional processes rate-limit 
the reaction whereas larger Q10 values suggest that conformational changes are rate 
limiting. The temperature dependence of the gating of ion channels has been studied 
extensively (Hodgkin and Huxley, 1952; Bezanilla and Taylor, 1978; Benndorf and 
Koopmann, 1993; Correa et al., 1992). Enthalpic and entropic components have been 
considered.  
Studying the gating kinetics of Batrachotoxin-modified Na+ channels, Correa et al. (1992) 
reported that the main effect of an increase in temperature on channel kinetics consists of 
an increase in the transition rates and a shift of the open probability to more positive 
potentials. They also showed that an increase in temperature seems to favor the closed 
states over the open configuration. 
A modest temperature dependency with a Q10 between 1.5 and 2.5 has been reported for 
rapidly activating, voltage-gated Na+- and K+-currents in neuronal and in muscular tissues 
(Beam and Donaldson, 1983; Frankenhaeuser and Moore, 1963). On the other hand, for the 
very slowly activating, voltage-gated potassium conductance, IKs, recorded in guinea pig 
cardiac myocytes, an increase in temperature resulted in an acceleration of activation with 
a Q10 of 4-6 (Bachmann et al., 2001).  
In this study, the effect of the temperature on the CNGA2 channel activation was 
investigated to distinguish between diffusion or conformational changes rate limiting the 
activation process. 
When lowering the temperature from 20.3°C to 10.3°C, both time constants, τfast and τslow, 
increased. At 10.3°C, the activation kinetics of CNGA2 channels were basically similar to 
the one at 20.3°C but only much slower (Figure 21a). If a simple diffusion-limited 
mechanism would have been responsible for the CNG gating, a Q10 of ~1.4 (Pusch et al., 
1997) would have been expected. The resulting Q10 values were between 1.4 and 3.5 
(Figure 21b). Because at low cGMP the Q10 values clearly exceeded the theoretical value 
for diffusion, it is concluded that also at the lowest ligand concentration used, 
conformational changes within the channel protein are rate limiting for the activation 
process and not diffusion of the ligand to the binding sites. 
Based on the characteristic dependence of Q10 values on the cGMP concentration, it is 
assumed that activation is rate limited by more then one conformational change. These 
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different conformational changes seem to influence the activation time course in different 
concentration ranges. The result that diffusion is not rate limiting for the CNG activation 
process could be confirmed with cAMP concentration steps at the lowest concentrations 
(see 4.2.1.) (Figure 28).  
Nevertheless, with a Q10 value between 1.4 and 3.5, it can be concluded that temperature 
has only mild effects on the CNG gating, which is compatible with the idea of structurally 
simple conformational changes compared to e.g. ClC-0 chloride channels showing a Q10 
value of as much as 40 (Pusch et al., 1997).       
Fitting of the data at 10.3°C to the model used to describe activation (Figure 36) should 
give more insight into the conformational changes of the channel during activation. 
Moreover, one can expect further insight into the temperature dependence of the individual 
rate constants.  
Apart from being a biophysical tool, the temperature dependence of the activation may also 
be of physiological importance, e.g., when evaluating the smelling at low temperatures. 
 
 
4.2.4. Single-channel properties 
 
We observed that at saturating cGMP and cAMP and at +100 mV, CNGA2 channels open 
to a single level (Figure 33a,b). Furthermore, the channels activate by switching directly to 
this level without any sublevels preceding the main open level. A direct switching to the 
open level was also observed when studying CNGA1 and CNGA2 single-channel currents 
by jumps of the cGMP concentration to a value close to the saturating concentration 
(Figure 34).  
Ruiz and Karpen (1997, 1999) reported that CNGA1 channels locked in partially liganded 
states by the use of a photoaffinity analogue of cGMP, 8-p-azidophenacylthio-cGMP 
(APT-cGMP) produce distinct sublevels, which they also identified with freely diffusible 
cGMP. In a previous study on CNGA1 channels (Kusch et al., 2004), it was shown that a 
saturating concentration of cGMP generates long openings at a single open level whereas 
low cGMP concentrations generate short openings with a great variability of levels, 
including sublevels and superlevels. The differences between the results of Ruiz and 
Karpen (1997,1999) and the amplitude heterogeneity found by Kusch and coworkers 
(2004) possibly arise from the slower time course of the allosteric reaction compared to the 
binding/unbinding reaction of the free cGMP. Permanent binding of the APT-cGMP could 
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alter the channel gating and thereby cause different results regarding single-channel 
conductance. 
Another finding in this study is the similarity of the gating paramenters at saturating cGMP 
and cAMP (Table 7). This similarity confirms that both CNs can maximally activate the 
olfactory channel (Figure 33a,b) and that also the open-close gating is equal. The open 
probability of the channel is 0.99 with both ligands. Li and Lester (1999) reported similar 
results at -60 mV; they observed that cGMP and cAMP produce comparable probability 
for the conformational transition to open rat CNGA2 channels. On the other hand, 
macroscopic currents were interpreted such that cGMP favors to open the channel 
significantly compared to cAMP (Varnum et al., 1995).  
Previous work on multichannel patches suggested that CNG channels are able to open 
spontaneously with very low open probability in the absence of ligand. These spontaneous 
openings are part of the normal gating reaction of the CNG channel (Tibbs et al., 1997). 
The open probability has been estimated to be 1.25×10-4 for chimeras between CNGA1 and 
CNGA2 channels (Riuz and Karpen, 1997) and 2.25×10-3 for rat CNGA2 channels. In the 
absence of the cyclic nucleotide, we observed very brief openings of the CNGA2 channels 
with an open probability of 1.2×10-4 ±1.4×10-5. This value is lower than the one of CNGA2 
channels reported previously. Since there is a much higher risk to overestimate than to 
underestimate the open probability, our lower value might be closer to the truth.  
The analysis of single-channel currents allowed us to specify the rate constants at zero and 
saturating CN, which helped to reduce the number of free parameters in the fitting 
strategies with the kinetic models. 
 
 
4.3. Kinetic models  
 
The contradictory results of the previous studies upon the activation mechanism of CNG 
channels show that our knowledge of the molecular events underlying the gating is only 
poor. So far it is not known whether activation depends on independent gating reactions 
within the individual subunits of the channel as first suggested by Hodgkin and Huxley 
(1952) for Na+ and K+ channels, or on a concerted, cooperative interaction of the subunits, 
as suggested by Monod et al. (1965). Studies of the gating properties of heterotetrameric 
channels composed of both mutant and wild type subunits have provided evidence for a 
cooperative interaction among subunits of both K+ channels (McCormack et al., 1994) and 
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CNG channels (Varnum and Zagotta, 1996). However, these studies could not measure the 
contribution of each subunit to channel gating. 
To address some of these questions, kinetic models were fitted to the CNGA2 activation 
time courses induced by cGMP and cAMP steps. 
Our results proved to be inconsistent with the predictions of the MWC model, in which the 
channels open in proportion to the number of ligands bound by an allosteric factor and also 
with the CD model, a variant of the MWC model, where the channel opens when both 
dimers enter the active state. These models predict pronounced sigmoidal activation 
whereas the experimental data are largely exponential (Figure 35). The same conclusion 
was drawn when fitting the data to numerous variants of the MWC and the CD models, 
differing in number of open states and ligands.  
Instead, the data suggest that, despite the tetrameric and presumably symmetric structure of 
homomeric CNG channels, activation involves only three rate-limiting binding steps, in 
which the ligand affinity is high-low-high (Figure 36). When fitting this model to the 
activation time course induced by cAMP, we observed a similar pattern of rate constants, 
in which the CN binding was essentially slowed. The conclusion that only three subunits 
determine the activation time course of CNGA2 channels is remarkable because it implies 
functional asymmetry of a homotetrameric channel for which a symmetric structure would 
be plausible.  
How then is it possible that three of the four subunits are selected for the gating? The 
simplest explanation is that the binding of the first ligand itself generates the asymmetry by 
decelerating the binding reaction in the other subunits in the sense of negative 
cooperativity. Once the second ligand binds, the affinity for the third ligand would be 
strongly increased while the binding site of the fourth subunit would become inaccessible. 
Taking into account that native CNG channels contain one B subunit, the assumption of 
only three gating subunits is not so surprising because one may speculate that evolution 
specialized the fourth subunit to a B subunit to modulate the channel function, as e.g. 
recently shown for the CNGB1b subunit by calmodulin complexed with Ca2+ (Bradley et 
al., 2004). For native olfactory channels, this consideration assumes that the CNGA4 
subunit also contributes to the gating.  
What is the physical nature of the reactions in the favoured gating scheme? The Q10 values 
for the activation gating (Figure 21b) showed that diffusion of the ligands to the binding 
sites of the channel is not rate limiting. However, when varying the rate of each binding 
event in scheme 3 at constant affinity, it turned out that the second and third binding 
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reaction critically determine the activation rate. Hence, within our model these two binding 
reactions cannot be considered anymore as simple binding reactions but must contain also 
conformational changes of the channel.  
Whether or not the first binding event is diffusion controlled cannot be decided from these 
data because this binding event does not lead to channel activation. These conclusions 
mean that the systematic change of the Q10 value with channel activation (Figure 21b) 
attributes to the four reactions right to C2.  
For relating these reactions to intracellular or transmembrane channel parts, it seems to be 
an attractive idea to systematically modify these channel parts, e.g. by mutagenesis, and 
study the activation time course as described herein.     
 
In conclusion, the data show that the activation kinetics of olfactory homotetrameric CNG 
channels induced by CN jumps are modulated by conformational changes of the channels 
and not by the ligand binding over the whole concentration range tested. Moreover, the 
same pattern of the activation kinetic was observed also for the heteroterameric 
CNGA2/A4/B1b channels. Activation of homotetrameric CNGA2 channels involves rate-
limiting reactions of three subunits only and the ligand binding to these subunits is highly 
cooperative. Only the second binding step switches the channel from a very low to a very 
high open probability. Moreover, even in heterotetrameric CNGA2/A4/B1b channels these 
conformational changes are similar. The largely different apparent affinity of the two 
cyclic nucleotides cGMP and cAMP is mainly caused by a faster binding reaction of 
cGMP whereas the allosteric opening reactions are similar.  
These results represent progress toward an understanding of the molecular processes in the 
activation of CNG channels and might also be suggestive for structurally related voltage-
gated K+ channels (Yellen, 2002), which also form obligatory heterotetramers in nature 
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BCMCMcGMP  [6,7-bis(carboxymethoxy)coumarin-4-yl]methyl ester of   
                                                cGMP 
BCMACMcGMP  [7-bis(carboxymethylamino)coumarin-4-yl]methyl ester of  
cGMP 
BCMACMcAMP  [7-bis(carboxymethylamino)coumarin-4-yl]methyl ester of  
cAMP 
cAMP    3,5-cyclic adenosine monophosphate 
CaM    calmodulin 
CAP  Escherichia coli catabolite gene activator protein 
CD-Model   Coupeld-Dimer Model 
cGMP    3,5-cyclic guanosine monophosphate  
CN    cyclic nucleotide 
CNBD    cyclic nucleotide-binding domain  
CNG channels  cyclic nucleotide-gated channels 
CNGA1 subunit of the CNG channels from vertebrate rod 
photoreceptors 
CNGA2/A4/B1b CNGA2, CNGA4, CNGB1b subunits of the CNG channels 
from olfactory sensory neurons 
cNMP    cyclic nucleoside monophosphate  
cRNA    complementary RNA 
DEACMcAMP  [7-(diethylamino)coumarin-4-yl]methyl ester of cAMP 
DEACMcGMP  [7-(diethylamino)coumarin-4-yl]methyl ester of cGMP 
DMSO   dimethyl sulfoxide 
EAG channels   ether-a-gogo voltage activated K+ channels 
EC50 concentration of the cyclic nucleotide that causes half- 
maximal activation (µM) 
H     Hill coefficient 
HCN channels  cyclic nucleotide gated pacemaker channels 
HEPES                                    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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HERG channels human eag-related gene family of voltage activated K+ 
channels 
I    current (pA) 
mM    Millimolar 
MWC-Model   Monod-Wyman-Changeux Model   
o1r     CNGA1 chimera with CNGA2 N-terminus 
OSNs                                      olfactory sensory neurons 
Po    open probability 
PDE    phosphodiesterase  
PKG, PKA cGMP- and cAMP-dependent protein kinases 
r1o     CNGA2 chimera with CNGA1 N-terminus 
V    voltage (mV) 
τo    mean open time 
τfast, τslow    concentration dependent activation time constant 
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